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Major depressive disorder (MDD) is a multidimensional psychiatric disease, considered by the 
World Health Organization as one of the leading causes of disability. Despite the importance of this 
disease in modern societies and the large investment of resources already made in its study, the 
processes underlying its pathophysiology remain poorly understood. Several hypotheses have been 
proposed to clarify the neurobiological mechanisms underlying this psychiatric disorder, being the link 
between adult hippocampal neurogenesis and MDD a central topic in the past decades. Previous 
studies have identified AP2γ as a key regulator of adult hippocampal neurogenesis in mice, being 
expressed in a subpopulation of adult transient amplifying progenitors, and acting as a regulator of 
basal progenitors, promoting proliferation and glutamatergic neuronal differentiation. Thus, we wanted 
to further explore the impact of AP2γ in brain neurophysiology and behavior during development and at 
adult stages, dissecting also its mechanisms both in healthy and depressive states. With this study, we 
were able to understand the impact of AP2γ in post-natal development and during juvenile age, through 
the AP2γ constitutive knockout (KO) model. In the developmental milestones assessment we did not 
find any major impairment in the behavioral performance of AP2γ KO mice, since all parameters 
analyzed, including the ones where we found differences, were within the typical range for appearance 
of the developmental milestones. However, in the juvenile behavior assessment and in the hippocampal 
glutamatergic neurogenesis process, impairments were found, since AP2γ KO mice showed anxious-like 
behavior and decreased proliferation of immature neurons. To study the impact of modulating the 
transcription factor AP2γ in depression we exposed both constitutive and conditional KO animal models 
to a chronic stress protocol, which efficiently induced core depressive-like symptoms. Through the 
conditional AP2γ KO mice, we were able to elucidate the impact of deleting AP2γ on behavior and 
neurogenesis in depressive-like conditions specifically in adult age, without the interference of potential 
functions of the gene during early development that may appear in the constitutive AP2γ model. 
Through a multidimensional behavioral analysis, we observed that both models presented similar 
results in the three most affected behavioral dimensions in depression, namely anxiety, mood and 
cognition. Regarding anxiety and mood no major differences were found between genotypes in both 
animal models. Moreover, AP2γ KO mice presented cognitive deficits in basal conditions, but when 
exposed to chronic mild stress no detrimental effects of deletion of the gene were observed. In this 
work, we also identified, through a broad analysis of the dentate gyrus neurogenic niche, alterations of 
epigenetic regulators in the AP2γ constitutive KO mice after uCMS exposure. The reported results not 
only support the involvement of AP2γ in the transcriptional network that modulates the juvenile and 
adult neurogenic process, but also highlight the potential of this molecule as a future therapeutical tool 











O transtorno depressivo persistente é uma doença psiquiátrica multidimensional, considerada 
pela Organização Mundial de Saúde como uma das principais causas de incapacidade. Apesar da 
importância desta doença na sociedade moderna, e do largo investimento de recursos já feitos no seu 
estudo, os processos subjacentes à sua patofisiologia continuam pouco percebidos. Várias hipóteses 
foram propostas para clarificar os mecanismos neurobiológicos implícitos nesta doença psiquiátrica, 
tendo sido o vínculo entre a neurogénese hipocampal adulta e a depressão um tópico central nas 
décadas passadas. Estudos anteriores identificaram o AP2γ como um regulador chave da neurogénese 
hipocampal adulta em ratinhos, sendo expresso numa subpopulação de células progenitoras de rápida 
amplificação adultas, e atuando como regulador de progenitores basais, promovendo a proliferação e a 
diferenciação neuronal glutamatérgica. Deste modo, propusemos continuar a explorar o impacto do 
AP2γ na neurofisiologia cerebral e no comportamento, durante a fase de desenvolvimento e na idade 
adulta, procurando entender também os seus mecanismos tanto no estado saudável como em 
depressão. Com este trabalho, fomos capazes de entender o impacto do AP2γ no desenvolvimento 
pós-natal e em idade juvenil, a partir do modelo animal de deleção constitutiva do AP2γ. Na avaliação 
dos marcos de desenvolvimento, não encontramos nenhuma alteração no desempenho 
comportamental nos animais com deleção de AP2γ, visto que todos os parâmetros analisados, 
incluindo os que encontramos alguma diferença, se encontravam dentro dos intervalos típicos de 
aparecimento dos marcos de desenvolvimento. Contudo, na avaliação do comportamento juvenil e no 
processo de neurogénese glutamatérgica hipocampal observamos défices, visto que os animais com 
deleção de AP2γ apresentaram comportamento ansioso e uma diminuição da proliferação de 
neurónios imaturos. Para estudar o impacto da modulação do fator de transcrição AP2γ em depressão 
expusemos tanto o modelo animal com deleção constitutiva bem como o modelo animal condicional do 
gene a um protocolo de stress crónico, o qual eficientemente induziu sintomas primários de depressão. 
Através do modelo animal condicional do AP2γ, conseguimos compreender o impacto da deleção do 
AP2γ na modulação do comportamento e neurogénese em condições depressivas especificamente em 
idade adulta, sem interferência das potenciais funções do gene durante o período de desenvolvimento 
dos animais, que poderão surgir no modelo animal constitutivo do AP2γ. Através, de uma análise 
comportamental multidimensional, observamos que ambos os modelos apresentaram resultados 
similares nas dimensões comportamentais mais afetadas na depressão, nomeadamente a ansiedade, 
o humor e a cognição. Relativamente à ansiedade e ao humor não encontramos grandes diferenças 
entre genótipos em ambos os modelos animais. Além disso, os modelos animais de deleção do AP2γ 
apresentaram défices cognitivos em condições basais, mas após exposição ao stress crónico não 
foram observados os efeitos prejudiciais da deleção do gene. Neste trabalho, também identificamos, 
através de uma análise abrangente do nicho neurogénico girus denteado, um reguladores epigenéticos 
alterados no animal constitutivo do AP2γ. Os resultados apresentados não só suportam o envolvimento 
do AP2γ na rede transcripcional responsável pela modulação do processo neurogénico juvenil e adulto, 
como também destacam o potencial desta molécula em abordagens terapêuticas futuras em doenças 
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1.1.1. State of the art 
Major depressive disorder (MDD) is considered by the World Health Organization (WHO) as one 
of the world leading causes of disability, since it is estimated that around 350 million people worldwide 
are affected with this psychiatric disorder. It is the most disabling medical condition, in terms of years 
lost due to disability, and it is foreseen that by 2030 depression will be the major contributor to the 
global illness burden (Willner et al. 2013). Patients suffering from this disorder usually display a loss of 
interest for experiencing pleasurable activities (anhedonia), changes in appetite and sleep pattern, 
abnormal sadness states, high levels of anxiety, lack of energy and ultimately suicidal ideation. 
Moreover, rather than low self-esteem, depressive patients present a deeply negative view of the world 
and the future, showing also deficits of attention, interpretation and memory (Mathews and MacLeod 
2005; Willner et al. 2013; Bergstrom and Meacham 2016). 
Despite the importance of this multidimensional psychiatric disease in modern societies and 
the large investment of resources already made to look for efficient treatment, the processes underlying 
its pathophysiology remain poorly understood. It is accepted that this complex disorder involves gene-
environment interactions, but the genetic and environmental subtracts are largely unknown. Even 
though there is little knowledge regarding the real causes for the precipitation of MDD, vulnerability or 
predisposition to develop depression may occur throughout lifetime due to negative environmental 
stimuli. It is recognized that harmful early life experiences, such as inadequate familial relations, 
increase the risk for a depressive episode (Willner et al. 2013; Slavich and Irwin 2014). Also, it is 
consensually accepted that there is a familial predisposition to inherit this disorder through “stress-
provoking” genes passing on across generations and providing vulnerability to develop MDD (Slavich 
and Irwin 2014). However, such genetic transmission pattern, which does not follow the Mendelian 
laws, is highly complex, and even with the evolution of technical means and the human genome 
sequencing, it has not been clarified yet. These scientific difficulties to understand the mechanisms 
underlying depression, can be explained by the multiple neurological systems that are likely involved in 
the etiopathogenesis of depression (Marsden 2013). Due to the lack of knowledge in this scientific field, 




Looking for a way to successfully revert and treat major depression, several hypotheses have 
been proposed to clarify the neurobiological mechanisms underlying the onset, maintenance and 
recovery from this psychiatric disorder: the neurochemical and neurotrophin hypotheses; involvement of 
cytoquines and inflammatory agents; glutamate excitotoxicity; altered HPA axis; the phase-shift; and the 
neurogenic hypothesis (Bessa et al. 2009a; Hasler 2010). Depression has a great impact on the central 
nervous system (CNS) inducing structural and neuroplasticity alterations in brain regions such as the 
prefrontal cortex (PFC), the amygdala, the ventral striatum (including the nucleus accumbens), and the 
hippocampus (Pittenger and Duman 2008). Indeed, in the past three decades, a vast number of 
studies have revealed that during a depressive episode, it is possible to observe cell loss and neuronal 
atrophy in the hippocampus, which is a brain area with relevant roles both in adult brain neuroplasticity 
and behavioral control (Pittenger and Duman 2008; Serafini 2012; Mateus-Pinheiro et al. 2013). 
Several mechanisms were proposed to explain this cell loss and neuronal atrophy, among which we 
could find the glucocorticoid and glutamate toxicity for both glia and neurons (Duman 2009; 
Kudryashova 2015), the decreased neurotrophic factors expression (Castren et al. 2007) and  also the 
reduced neuronal plasticity (dendritic arborization atrophy and neurogenesis reduction in the 
hippocampal neurogenic niche) (Bessa et al. 2009a) in animal models of depression. The potential link 
between adult neurogenesis and MDD has drawn some attention in the past decades (WuiMan et al. 
2013). Although being a controversial topic, the so called neurogenic hypothesis of depression, has 
brought different relevant questions that challenge the classical conceptions regarding depression, and 
addresses the neurogenic process as a key pathological player and therapeutical target in stress-related 
disorders (Eisch and Petrik 2012).  
Assuring the implication of adult neurogenesis in depression will support the need to better 
understand the adult hippocampal neurogenic niche not only in physiological but also pathological 
conditions. Such knowledge will possibly lead to additional therapeutical approaches by artificially 
regulating the endogenous neural progenitors pool, in order to sustain hippocampal neurogenesis, and 
counteract the inhibitory effects induced by depression. This goal could be achievable through genetic 
or epigenetic regulation of the adult hippocampal neurogenesis process. For this, research should focus 
in finding key transcriptional factors and epigenetic modulatory molecules that regulate hippocampal 
neurogenesis, and thus present strong therapeutical potential. Altogether, it may be relevant to bring 
new insights on the transcriptional network and the epigenetic mechanisms underlying adult 
neurogenesis in the healthy and “diseased” brain, to fully understand this highly complex 




1.1.2. Modeling depression in animal models  
 Modeling of human neuropsychiatric disorders, such as depression, in animals is extremely 
challenging given the subjective nature of many key symptoms, the lack of objective tests, and the poor 
knowledge regarding the onset, maintenance and recovery from such diseases (Nestler and Hyman 
2010). Nonetheless, a lot of effort has been made in order to construct animal models and protocols to 
understand the pathophysiology of depression and develop different modulatory drugs with therapeutic 
actions.  
Knowledge of the etiopathogenesis of depression has progressed substantially in the last years, 
in part due to studies in animals models (Patricio et al. 2013). The validity of an animal model for 
formulation of hypotheses and for the development of novel therapeutic strategies encompasses: the 
use of known etiological factors (etiological validity), it must mimic the behavioral and neurological 
symptoms observed in human disease (face validity) and importantly, it must respond to clinically 
effective treatments (predicted validity) (Berton et al. 2012; Patricio et al. 2013). Although selected 
depressive symptoms may be irreproducible in animals, such as suicidal ideation, a number of models 
exhibit considerable construct validity when targeting other clinical phenotypes of depression. One of 
the most important advances in understanding psychiatric disorders, like depression, has been the 
development of mice with altered expression of specific targets, being it a receptor, transporter, enzyme 
or signal transduction molecule (Tecott and Wehner 2001; Cryan and Mombereau 2004). These new 
tools have the potential to verify novel targets for antidepressant activity for which few established 
pharmacological tools exist. Moreover, these genetically altered mice will enable better testing of the 
validity of current molecular theories of depression (Cryan and Mombereau 2004). Although there are a 
large number of mice strains that have been generated with a phenotype that has been interpreted as 
being related to depression or antidepressant action, there are three most recommend mice strains to 
use in a depression study: C57Bl/6J, SV/129 and BALB/c mice (Bergner et al. 2016).  
There are several models of depression described in the literature: chronic unpredictable stress 
(CUS), unpredictable chronic mild stress (uCMS), social stress, early life stress, learned helplessness, fear 
conditioning and olfactory bulbectomy (Duman 2010; Patricio et al. 2013). Despite none of these models 
can fully recapitulate the complexity and heterogeneity of the human disease, they are considered 
robust approaches to study depression. However, the uCMS protocol (Willner et al. 2013), based in the 
principles of the CMS and CUS protocols was proven to be a more robust approach to model the 
human depression at the lab. In this model, after exposure to chronic mild stressors implemented in an 




cognitive deficits, showing in this way impairments in all three behavioral dimensions known to be 
affected in humans with depression (Bessa et al. 2009a; Mateus-Pinheiro et al. 2013). Moreover, these 
stressed animals show impaired neuroplasticity, and compromised regulation of the corticosterone 
levels, another well-known molecular phenotypes of depression and other stress-related disorders 
(Mateus-Pinheiro et al. 2013; Patricio et al. 2015). Although the uCMS was first described using a rat 
animal model, this model of depression induction has also been validated in mice (Surget and Belzung 
2009), maintaining its translational value as it induces some core alterations that are similar to those 
observed in depressed patients (Sibille et al. 2009; Nollet et al. 2013). 
In sum, although the currently available rodent models have significant limitations, ranging from 
weak validation to poor predictive power for drug efficacy in human disease, they have been a powerful 
tool to investigate the pathophysiology of depression. Further understanding the mechanisms 
underlying the pathophysiology of depression is of the upmost importance to allow improvement of the 
experimental animal models and lead to more complete and targeted depressive studies. 
     
1.2. Adult neurogenesis in the mammalian brain: genetic and epigenetic 
modulation of the hippocampal neurogenic process 
 
1.2.1. Neurogenesis in the adult mammalian brain 
 The discovery of neurogenesis in the adult mammalian brain, overturned the long-held dogma 
that the adult central nervous system (CNS) was immutable, and had no capacity for generating new 
cells (Altman and Das 1965; Deng et al. 2010). Although the emergence of adult neurogenesis as a 
research field in neuroscience has brought much excitement, there was a lot of reluctance manifested 
towards the first reports in this area (Egeland et al. 2015). Despite the initial skepticism, it is now well 
established that new neurons are continuously generated, differentiated and integrated in the 
preexisting brain neuronal networks (Doetsch et al. 1999; Gage 2002; Deng et al. 2010). Adult 
neurogenesis is not a single isolated event, is thus a complex process, involving a wide range of highly 
regulated steps, starting with the proliferation of neural stem cells (NSCs) that will then divide to give 
rise to transient amplifying progenitors (TAPs) which will be responsible for the rapid expansion of the 
multipotent progenitor cells pool. TAPs will then differentiate in immature cells, committed to a 
neuronal phenotype (neuroblasts), that will undergo morphological and physiological maturation with 
acquisition of neuronal characteristics, and will finally become functionally integrated in the pre-existing 












In the adult brain there are specific areas where neurogenesis persists throughout life, known 
as neurogenic niches (Urban and Guillemot 2014). Such spatially defined brain regions where 
neurogenesis occurs display the presence of immature NSCs from which new neurons can develop, 
and a permissive microenvironment rich in cell-extrinsic factors needed to favor the generation of new 
cells (Urban and Guillemot 2014). 
Although being a controversial topic, there are two consensual neurogenic brain regions broadly 
recognized in the adult mammal brain: the subependymal zone (SEZ) lining the lateral ventricles and 
the subgranular zone (SGZ) of the hippocampal dentate gyrus (DG) (Figure 2) (Zhao et al. 2008; Balu 
and Lucki 2009; Urban and Guillemot 2014). These two neurogenic niches are largely responsible for 
the formation of distinct types of neurons. In the SEZ the precursor cells are mostly found in the 
temporal walls of the lateral ventricles. Here, newly-born precursor cells generate neuroblasts that 
migrate along the rostral migratory stream (RMS), reaching the olfactory bulb (OB). At the OB, 
neuroblasts differentiate and mature, becoming largely GABAergic granule, and periglomerular 
inhibitory interneurons (Chumley et al. 2007; Belenguer et al. 2016). In the DG, the precursor cell 
population resides throughout the SGZ with specific gradients (Silva et al. 2006). After being formed in 
the SGZ, the newly-born neuronal cells – neuroblasts, become committed to a neuronal lineage and 
migrate into the granular cell layer (GCL), where they fully differentiate into excitatory glutamatergic 
granule neurons (Brill et al. 2009). In addition to these two consensually recognized neurogenic niches, 
Figure 1. Neurogenesis is a process not an isolated event. 
Adult neurogenesis is regulated at many different stages of cell development. Here the term neurogenesis comprises all 
necessary steps, starting with the division of a NSC and resulting in the existence of a functionally fully integrated newborn 
neuron. Interestingly, a high percentage of the newborn neurons die before becoming fully integrated in the network. 
Gliogenesis also happen at a lower percentage in the adult neurogenic niches. Newborn glial cells are thought to be 




some research groups have presented evidence that neurogenesis can occur in other brain regions like 
the striatum (Luzzati et al. 2006; Inta et al. 2016), the cortex (Kodama et al. 2004; Ohira et al. 2010), 
the amygdala (Goncalves et al. 2008) and the hypothalamus (Fowler et al. 2002; Kokoeva et al. 2005). 
However, these results are quite controversial and further studies are needed to ashore that these 
neurogenic niches have indeed NSCs and a permissive microenvironment to allow the formation of new 
functional neurons. 
 Despite the increasingly intense research, a great number of questions regarding the adult 
neurogenesis process remain to be answered and understood. It is unquestionably recognized that in 
the healthy adult mammalian brain new neurons can be generated, but its functional relevance remains 
to be fully comprehended. While this singularity is confined to a few privileged brain regions, the 
generation of new neurons in the post-natal brain represents a new dimension of plasticity, impacting 
both directly and indirectly on neuronal remodeling and repair. This promising therapeutical target, for a 














Figure 2. The two neurogenic niches in the adult mammalian brain. 
Two regions of the adult mammalian brain are broadly recognized to be neurogenic under physiological conditions: (SEZ) 
Precursor cells residing in the walls of the lateral ventricles give rise to interneurons that integrate into the olfactory bulb. 
(SGZ) Neurogenesis in the adult hippocampal dentate gyrus generates new excitatory granule cells throughout life. These 
two processes of adult neurogenesis originate from different precursor cell populations, are independently regulated, and 





In the healthy brain, the functional importance of adult neurogenesis has been differently 
associated between the two most commonly accepted neurogenic niches. While the SEZ has already 
been associated with olfactory discrimination (Moreno et al. 2009), hippocampal neurogenesis has 
been related with memory, learning, pattern separation and even emotional behavior (Deng et al. 
2010). Somehow the functional importance of adult neurogenesis in the SEZ has not yet been highly 
associated with a wide range of neuropathological conditions. However, there are already some studies 
reporting impairments in this specific neurogenic niche in neurodegenerative conditions, such as 
Alzheimer’s disease (AD) (Curtis et al. 2007). Abnormal alterations in the hippocampal neurogenesis 
have been associated to a variety of pathologies, including neuropsychiatric disorders (Chambers 2013; 
Schoenfeld and Cameron 2015; Kang et al. 2016). Numerous research groups are trying to unveil the 
biological mechanisms underlying these disorders, also allowing us to better understand the process of 
hippocampal neurogenesis. 
 
1.2.2. The hippocampal neurogenic niche: an overview of the adult hippocampal 
neurogenic process 
 In the adult mammalian brain, hippocampal neurogenesis produces new excitatory granule 
cells in the DG, in a highly regulated and complex process, that can be divided into four major steps: (1) 
the precursor cell phase, that comprises the proliferation of NSCs and the expansion of the precursor 
cell pool; (2) the early survival phase, during which the majority of the newborn cells are eliminated 
even before they make synaptic contacts with reach their target regions; (3) the post-mitotic maturation 
phase where it is possible to observe the functional integration of newly-born neurons into pre-
established neural networks; and (4) the late survival phase, in which the establishment of new 
synapses with pre-existing surrounding cells is completed and a final selection occurs based on the 
newborn neurons functionality (Kempermann et al. 2004; Balu and Lucki 2009; Nicola et al. 2015) 
(Figure 3). Interestingly, this post-natal neurogenesis mimics the embryonic neurogenic process, but 
differing in the fact that, in the adult brain, the newborn neurons are generated in an already mature 
microenvironment, and as such they have to integrate the pre-existing neuronal circuits.   
The SGZ of the hippocampal DG, contains a heterogeneous progenitor cell population with 
distinct degrees of stemness, that can be identified by a specific group of molecules, expressed by each 
cell type. These different molecules (presented in Figure 2) are strongly associated with the different 
phases of the adult hippocampal neurogenesis process. The type-1 progenitor cells, also known as 




unlimited self-renewal capacities. These cells have astroglial and radial glia-like properties that can be 
further distinguishable into two classes: horizontal astrocytes (hA) and radial astrocytes (rA). The 
asymmetrical division of type-1 progenitor cells give rise to two consecutive stages of transient 
amplifying neural progenitor cells (ANPs): type-2a progenitor cells, followed by the type-2b progenitor 
cells. The main differences between these ANPs are their proliferative potential and its increasing stage 
of differentiation. It is in this phase of the neurogenic process that emerges a neuronal or non-neuronal 
lineage commitment, being for this reason, a decisive checkpoint in the determination of the neural 
progenitors’ cell-fate. Different reports have demonstrated that these ANPs are highly mitotic cells with 
symmetric divisions (Doetsch et al. 1999; Encinas et al. 2006). But at some point they exit the cell 
cycle and enter into a postmitotic stage in which they give rise to neuroblasts (also known as type-3 
progenitor cells) and establish network connections with the pre-existing neural circuits (Kempermann 
et al. 2004). These last cells are intermediate progenitors in the formation of new granule neurons, 
expressing the microtubule associated protein doublecortin (DCX) that will be crucial, to the maturation 
and migration of the newly-born cells into its final location in the GCL (Balu and Lucki 2009; Nicola et 
al. 2015). Here, they fully mature and integrate the pre-existing neural-circuits, elongating their axons 
and establishing new functional connections. It is currently assumed that the interval that takes to a 
newly-born cell to become a fully maturated and integrated granular neuron is typically referred to be 
approximately 4 to 5 weeks (Zhao et al. 2006; Zhao et al. 2008). Nevertheless, there are some authors 
who claim that the complete period of adult neurogenesis can take as much as 7 weeks, as this is the 
time needed by the new neurons to be electrophysiologically indistinguishable from the remaining pre-
existing neuronal cells (Ambrogini et al. 2004). 
 Breaking down adult hippocampal neurogenesis in these few accessible phases opens up a 
new view on how neuronal development occurs under the condition of the adult hippocampus 
(Kempermann et al. 2004). The hippocampal neurogenic niche turns out to be a fined tuned complex 
process with many developmental steps sensitive to different regulatory influences. These regulatory 
mechanisms are still to be fully understood, but in the past years, several efforts have been made to 







1.2.3. Transcriptional network underlying hippocampal neurogenesis: a focus on 
the transcription factor activating protein 2 gamma (AP2γ) 
 In the past years, there has been a great effort in the field to understand the transcriptional 
regulators involved in the hippocampal glutamatergic neurogenesis process, both in early 
developmental stages and also during adulthood. Complementing the current knowledge regarding the 
transcriptional network responsible for post-natal neurogenesis is highly relevant, so that new regulatory 
molecules could be used in repair and therapeutical strategies for neurological diseases. During cortical 
development, regulation of glutamatergic neurogenesis is controlled by a set of transcriptional factors 
including Pax6, Ngn2, Tbr2, NeuroD and Tbr1 (Englund et al. 2005). Interestingly, it was found that 
during post-natal glutamatergic neurogenesis, interneurons recapitulate this transcriptional sequence 
(Sox2àPax6àNgn2àTbr2àNeuroDàTbr1) that hallmarks the embryonic glutamatergic neurogenic 
process in the developing cerebral cortex (Brill et al. 2009).  
Transcription factors such as Sox2, Pax6, Tbr2, Ngn2 and NeuroD have already been proved 
not only to participate in this transcriptional sequence, but to have key modulatory actions on the 
Figure 3. Developmental stages in the adult hippocampal neurogenic process. 
Neuronal development in the adult DG encompasses several highly regulated steps. This process begins with the division of neural 
stem cells (NSCs), also known as quiescent neural progenitors (QNPs or type 1 progenitors), giving rise to amplifying neural 
progenitors (ANPs or type 2 progenitors). ANPs start to exhibit the first signs of cell-lineage commitment and eventually exit the 
mitotic phase to become neuroblasts (type 3 progenitors). Then, the neuroblasts will differentiate and migrate towards its final 
destination where they will integrate and maturate into fully mature granular neurons, establishing synapses within the pre-existing 
circuits. Each cell type can be distinctively identified by cellular and neuronal markers, some of which are indicated in the figure. It 
is currently accepted that the entire process of adult glutamatergic neurogenesis takes around 4-7 weeks. Abbreviations: GFAP -





glutamatergic neurogenic process. Sox2 transcription factor is also essential for pluripotency of the 
epiblast, embryonic stem cells (ESCs) and reprogrammed induced pluripotent stem cells. Moreover, 
Sox2 is expressed at early stages of CNS development and during post-natal neurogenesis by type 1 
and type 2a cells. Previous studies have already reported that mutations and targeted ablation of this 
transcription factor leads to a reduced number of type 1 cells and decreased proliferation and 
glutamatergic neurogenesis in the SGZ of the hippocampal DG (Favaro et al. 2009). The same output 
was provided by animals with targeted deficiencies in Pax6, which has key modulatory actions in brain 
development and post-natal neurogenesis, being involved in the control of cell proliferation and 
neuronal fate determination (Maekawa et al. 2005). Furthermore, reduced expression of the 
transcription factor Tbr2 in the SGZ of the DG have already been showed to cause impairments in 
glutamatergic neurogenesis, since its highly involved in the coordination and regulation of the TAPs 
(Hodge et al. 2008). Likewise, studies with deletion and overexpression of Ngn2 and NeuroD, which are 
involved in granule neuroblasts production and neuronal fate specification, respectively, revealed the 
key actions of these transcripts in the modulation of the glutamatergic neurogenic process (Gao et al. 
2009; Roybon et al. 2009). 
 Activating protein 2 gamma (AP2γ) is a transcription factor that integrates the transcriptional 
network regulating the glutamatergic neurogenic process, acting as a downstream target for Pax6, and 
being involved in the regulation of basal progenitors determinants, such as, Tbr2 and NeuroD (Figure 
4). Importantly, AP2γ is critical for the specification of glutamatergic neocortical neurons and their 
progenitors (Pinto et al. 2009).  
 The AP2γ gene is part of the AP2 transcription factor family, which in mammals, comprises 5 
members, AP2α, AP2β, AP2γ, AP2δ and AP2ε, all sharing common structural and functional features 
(Bosher et al. 1996; Oulad-Abdelghani et al. 1996; Moser et al. 1997; Zhao et al. 2001; Eckert et al. 
2005). AP2 proteins have a conserved transcriptional activator domain at the amino-terminal end, 
acting as homo- or heterodimers, and their dimerization-binding mechanisms are mediated by a basic 
helix-span-helix motif (Pinto 2008). Furthermore, both dimerization as well as the basic domain are 
essential for DNA-binding. These family of transcription factors was also identified in chicken, Xenopus 
and bony fish (Eckert et al. 2005). The poor similarity between these homologs, their paralogs in 
Drosophila and Caenorhabditis, and the inexistence of AP2 transcription factors in yeast, is suggestive 
of a late emergence of these transcription factors in evolution and its predominance in vertebrate 




Generally, these AP2 proteins are recognized to be involved in various systems and biological 
processes (such as, cell proliferation, cell adhesion, developmental morphogenesis, tumor progression 
and cell fate determination), through the regulation of a large number of target genes with different 
biological functions (Batsche et al. 1998; Ebert et al. 1998; Maconochie et al. 1999). The different 
functions of these proteins seems to be largely dependent on their interaction partners in the spatially 
and locally defined system where they act. Many proteins are known to physically interact with this 
family of proteins, and therefore are influenced with their presence.  
 Throughout the developmental phases, AP2 family of transcription factors are often co-
expressed, and their proteins seem to have, at least, partially redundant functions. However, different 
phenotypes are obtained with the deletion of a specific AP2 gene, and there is no resembles between 
the mutant of another member of this family (Pinto 2008). For instance, selective loss of AP2α leads to 
severe malfunctions in craniofacial features (both skeletal and epidermal tissue), first appearing at 
embryonic day (E) 9.5, which was supposed to be due to a significant increase in apoptosis of 
migratory neural crest cells at E9 (Schorle et al. 1996). In the knockout (KO) mice for AP2β evident 
kidney abnormalities are found, during the embryonic development. At E16.5 the tubuli and collecting 
ducts undergo cystic transformation due to cell-autonomous apoptosis of renal epithelia (Moser et al. 
1997). Both of these different phenotypes, resulting from the deletion of AP2α and AP2β, are lethal. 
 In mouse, AP2γ (or Tcfap2c or Tfap2c according to the mouse genome informatics database) 
is expressed during developmental stages, both in central and peripheral nervous system, as well in the 
adult mouse forebrain (Pinto et al. 2009). In the developing mouse embryo, expression of AP2γ was 
early detected in all trophoblast cells at day 3.5 (E3.5), and its expression is maintained in all 
trophoblast cell lineages, with higher expression levels laterally and rostrally, following the gradient of 
neurogenesis (Werling and Schorle 2002; Eckert et al. 2005). Expression levels further increase to mid-
neurogenesis (E14) in the progenitor layer, declining from then on (Eckert et al. 2005). AP2γ protein is 
also expressed in a subset of apical ventricular zone progenitors including the population that starts to 
express Tbr2 (Pinto et al. 2009). This protein is present in numerous regions of the adult mouse brain, 
specifically in the GCL of the adult cerebellum and in the white matter of the forebrain (Pinto et al. 
2009).  AP2γ mRNA is highly expressed in both of the referred neurogenic niches (SGZ of the DG and 
SEZ of the lateral ventricles), and also highly expressed in the RMS, in the GCL, glomerular layer and 
mitral cell layer of the OB (Pinto, 2008; Mateus-Pinheiro et al. 2016). In the SEZ, AP2γ is expressed in 




transcription factor might not be restricted to primordial developmental stages, and that can be involved 
in adult glutamatergic neurogenesis (Pinto, 2008).  
All of the above observations strongly suggest that AP2γ functional role is not restricted to 
primordial developmental stages, being also involved in the modulation of the adult glutamatergic 
neurogenesis. Therefore, characterizing this transcription factor is crucial to understand its functional 
relevance in the regulation of the adult hippocampal neurogenic process. Recently published findings 
from our group, showed AP2γ transcription factor as a positive regulator of adult neurogenesis in the 
hippocampal DG, as its overexpression increments the generation of new neurons in this region, and its 
deletion, both in vitro and in vivo, results in a marked reduction of the neuroblasts population (Mateus-
Pinheiro et al. 2016). Mechanistically, AP2γ acts as an effector of Sox2 and Pax6 in the promotion of 
Tbr2 expression in hippocampal progenitor cells. AP2γ expression produces a net effect in Tbr2 protein 
levels within the hippocampal DG (decreasing significantly when deleting AP2γ), suggesting that AP2γ 
regulates post-natal glutamatergic neurogenesis by mobilizing TAPs, rather than interfering with the 
NSCs pool. The presence of an alternative regulatory pathway using AP2γ as an intermediate 
transcription regulator, in parallel with direct regulation of Tbr2 by Pax6, suggest that AP2γ function 
may allow a fine-tuning of the neurogenic process, by either rapidly expanding or restricting the TAPs 
pool.  
In summary, AP2γ is an important modulator of the adult hippocampal neurogenic process, 
and as such this transcription factor may be a promising target to use for novel therapeutical tools in 















1.2.4. Epigenetic regulation of adult hippocampal neurogenesis: DNA methylation 
and DNA demethylation as epigenetic choreographers 
 The concept of epigenetics was first introduced almost a century ago to describe the molecular 
events that are involved in early embryonic development (Yao et al. 2016). Epigenetics is now widely 
accepted as the interface between genes and the environment, using for this, cellular processes that do 
not change the genomic sequence, but have the ability to elicit relatively persistent biological effects 
(Ma et al. 2010). Several mechanisms have been hardly associated with changes in gene expression, 
that do not arise from alterations in DNA sequence, among which we can find: DNA methylation, DNA 
demethylation, histone modifications, chromatin remodeling and regulation mediated by non-coding 
RNAs, including microRNAs (miRNAs) and long non-coding RNAs (lncRNAs) (Yao et al. 2016). Despite 
being a relatively recent concept in the neuroscience field, different epigenetic mechanisms have been 
linked with pivotal roles in different stages of neurogenesis. The participation of these epigenetic 
mechanisms in the regulation of NSCs proliferation, fate specification and differentiation, is now 
Figure 4. Transcriptional factors involved in the regulation of the adult hippocampal neurogenic process 
The different neuronal developmental steps in the adult hippocampal neurogenic process are largely associated with the 
expression of different transcriptional factors. Sox2 is a transcription factor that controls the development of the nervous 
system from its earliest stages, being highly expressed by NSCs. Pax6 is highly involved in the brain development being 
highly expressed by type 1 and type 2a cells. AP2γ transcription factor, besides having key roles in developmental stages, 
integrates this transcriptional network, acting as a downstream target of Pax6 and having key modulatory actions upon Trb2 
and NeuroD. Ngn2 transcription factor is expressed by type 2a cells, whereas Tbr2 and NeuroD are expressed by type 2b 
and type 3 cells, having key modulatory actions upon the neurogenic process. Tbr1 is expressed by immature neurons and 
granule cells, displaying important roles also in the cortical formation. Prox1 is also expressed in immature granular cells 
with specific roles in cell development. CREB and REST transcription factors are expressed by both immature and mature 





becoming to be recognized as fundamental for the balanced production of new neuronal and glial cells, 
needed for the homeostatic brain function (Mateus-Pinheiro et al. 2011). Cumulative evidence now 
suggests that epigenetic dysregulation also plays an important part in neurodegenerative disorders, and 
more interestingly, in psychiatric disorders (Yao et al. 2016). 
Epigenetic mechanisms are becoming gradually accepted to play dynamic roles in adult 
neurogenesis. Notably, the intracellular epigenetic program regulating adult neurogenesis is suggested 
to be quite similar to the epigenetic modulation occurring during the embryonic developmental 
neurogenesis, but is also determined by new extrinsic physiological and environmental stimulus that 
allow the alignment of neurogenesis with the external needs (Ninkovic and Gotz 2007). Even though 
epigenetics in the field of adult neurogenesis is still in its nascent stage, a global picture of the 
epigenetic involvement on this field begins to emerge (Figure 5). 
Although there are different epigenetic mechanisms playing important and specific roles in 
adult hippocampal neurogenesis, in this work we mainly focused in two: DNA methylation and DNA 
demethylation. 
 
1.2.4.1. DNA methylation 
 DNA methylation involves the chemical covalent addition of a methyl group to the fifth carbon in 
the cytosine pyrimidine ring: that is, the production of 5-methylcytosine (5mC). Usually, studies of DNA 
methylation have focused on regions that enclose a high frequency of CG dinucleotides, which are 
commonly known as CpG islands (Montalban-Loro et al. 2015; Yao et al. 2016). In most mammalian, 
CpG islands are hypomethylated, which ensures genomic stability, imprinted gene silencing and X-
inactivation. Interestingly, it was found that the majority of the dynamic DNA methylation in neurons 
does not occur at CpG islands and instead takes place in regions low in CpG densities (Yao et al. 
2016). After the DNA methylation marks are established, a group of methyl-CpG-binding proteins 
behave as readers to interpret 5mC signal and mediate its function. Methyl-CpG-binding domain protein 
1 (MBD1) occupies and protects the methylation of the promoter for basic fibroblast growth factor 2 
(FGF2), which generates growth factors essential for the neural development (Yao et al. 2016). The 
depletion of MBD1 impairs adult hippocampal neurogenesis and genomic stability, due to a 
hypomethylation and depression of FGF2 in NSCs, resulting in this way in the failure of these cells to 
differentiate (Zhao et al. 2003; Li et al. 2009). Also involved in DNA methylation reading are many 
transcription factors with specific binding to methylated and unmethylated DNA motifs of distinct 




transcription factor binding, DNA methylation increases the variety of binding sites for transcription 
factors highly known to be involved in the regulation of neurogenesis (Yao et al. 2016). However, there 
is the need to understand these binding sites specificities and their effect on gene expression during 
neurogenesis. 
 
DNA methylation is catalyzed by a family of DNA methyltransferases (DNMTs) that are 
responsible for maintaining or producing 5mCs on the genome. There are two types of methylation 
reactions, both mediated by DNMTs. The de novo methylation, which is catalyzed by DNMT3a and 
DNMT3b, is highly important for embryogenesis, neural development and the establishment of 
methylation patterns (Montalban-Loro et al. 2015). The other methylation reaction is promoted by the 
action of DNMT1, and is responsible to copy the existing methylation patterns during DNA replication 
for inheritance. DNMT1 is abundantly expressed in the embryonic, perinatal, and adult CNS in both 
dividing NSCs and mature neurons, where it maintains DNA methylation state, whereas, DNMT3a and 
DNMT3b are highly expressed in postnatal NSCs and are required for neurogenesis and neuronal 
maturation (Montalban-Loro et al. 2015; Yao et al. 2016). A mutation in any of the three major DNMTs 
genes in mice leads to severe developmental abnormalities and embryonic, or early postnatal lethality 
Figure 5. Epigenetic regulators of the adult hippocampal neurogenic process. 
The adult hippocampal neurogenic process is exposed to a complex epigenetic regulation, with important functional 
implications. Distinct types of regulators have been identified and associated with different epigenetic mechanisms. Epigenetic 
regulators such as PcG protein and MDB1 are involved in the regulation of the initial steps of neurogenesis, contributing to 
NSCs self-renewal and maintenance. The transcriptional activation of specific genes by TrxG proteins, together with the action 
of chromatin remodeling complexes such as REST/CoREST complex and its molecular partners will allow the progenitor cells 
to exit the proliferation cycle and become committed to a neural cell lineage. The action of regulators like MeCP2, will 
contribute to post-mitotic neuronal differentiation and maturation. Some epigenetic regulators like HDACs, Hats and DNMTs 
are involved in several regulatory mechanisms of the adult neurogenic process, integrating several regulatory complexes 




(Li et al. 1992; Okano et al. 1999). In mice, a deficiency for DNMT1 leads to deficits of neuronal 
function and lethality in neural progenitors at embryonic stages (Montalban-Loro et al. 2015). In vitro, it 
was possible to see that the depletion of DNMT3a leads to gene silencing, and loss of DNMT3b 
promotes a deficient NSCs differentiation instead of proliferation (Martins-Taylor et al. 2012). Although 
at this point, there are some evidences regarding the functions of DNMTs in the neurogenic process, 
further studies are required to comprehend their genomic targets and their context-dependent roles. 
 
1.2.4.2. DNA demethylation 
 DNA methylation marks are reversible through both passive replication dependent 
demethylation and active demethylation. Involved in the active demethylation process are the ten-eleven 
translocation (TET) family of methylcytosine oxygenases, that in mammals comprise 3 members: TET1, 
TET2 and TET3. These enzymes promote an active DNA demethylation through the oxidation of 5mC 
into the recently characterized epigenetic marker 5-hydroxymethylcytosine (5hmC) (Tahiliani et al. 
2009). In further studies it was revealed that the TET enzymes could further oxidize 5hmC to 5-
formylcytosine (5fC) and then to 5-carboxylcytosine (5caC) (Yao et al. 2016).  
 The notion of DNA demethylation as a neurogenic choreographer emerged by the finding that 
growth arrest and DNA-damage-inducible protein 45β (GADD45β) promotes adult hippocampal 
neurogenesis (Ma et al. 2009; Yao et al. 2016). The GADD45 family members are highly associated 
with active DNA demethylation in different systems (Rai et al. 2008; Yao et al. 2016). In the embryonic 
and adult brain, GADD45β protein enhances promoter DNA demethylation and the expression of 
several genes, such as brain-derived neurotrophic factor (BDNF) and fibroblast growth factor 1 (Fgf1), in 
glutamatergic neurons, which in turn promotes the proliferation of NSCs and generation of new neurons 
in the hippocampal DG (Yao et al. 2016). Genome-wide profiling revealed that 5hmC is relatively 
abundant in the mouse ESCs, in the early developing embryo and also in the adult brain (Montalban-
Loro et al. 2015). During embryonic neurogenesis, 5hmC accumulates, as NSCs give rise to mature 
neurons, and its overall level continues to increase during ageing. By contrast, the differentiation of 
ESCs caused a reduction of 5hmC expression. Interestingly, the acquisition of 5hmC in several 
developmentally activated genes does not coincide with the demethylation of 5mC, confirming that 
5hmC itself can serve as an epigenetic marker (Yao et al. 2016).  
Until this moment, studies regarding the function of TET proteins in the brain are mostly 
focused on TET1, but it is already known that the different isoforms have preferences for distinct 




interactive roles in neurogenesis (Santiago et al. 2014; Yao et al. 2016). TET1 was considered a key 
regulator for the progenitor cell pool in the hippocampal DG, since the KO mice for this gene exhibit a 
decreased number of NSCs in the adult SGZ, and these progenitor cells showed decreased proliferation 
capacities when isolated and grown as neurospheres (Huang et al. 2014). Regarding the function of 
both TET2 and TET3 in neurogenesis and in neuronal differentiation little is know, apart from some 
evidences showing that neuronal differentiation is accompanied by an upregulation of these proteins 
(Hahn et al. 2013). However, some insights regarding the role of TET3 in neurogenesis have emerged 
lately, through the depletion of this protein in Xenopus laevis embryos in which it was possible to see a 
repression of many key developmental genes also involved in neurogenesis, such as Pax6, Ngn2 and 
Sox2 (Yao et al. 2016).  
 Although there is some progress in the elucidation of the DNA demethylation role in the 
neurogenic process, there are still a lot of blank spaces. Importantly, we still need to understand how 
this epigenetic mechanism is influencing the adult neurogenic process, and its interactions with other 
epigenetic intervenients regulating adult hippocampal neurogenesis.  
 
1.3. Implications of adult hippocampal neurogenesis deregulation in the 
etiopathogenesis of depression 
 
1.3.1. Adult hippocampal neuroplasticity on the pathophysiology of depression 
 Adult hippocampal neurogenesis represents a crucial form of neuroplasticity in the 
hippocampal formation, which is a brain structure deeply involved in various neuropsychiatric disorders 
(Kang et al. 2016). Deregulation of adult hippocampal neuroplasticity is currently accepted to be 
involved in the pathophysiology of several neuropsychiatric diseases (Balu and Lucki 2009). As 
highlighted in the first part of this thesis, possibly one of the most striking findings in this scientific field 
was the discovery of adult neurogenesis imbalances involvement in depression, leading to the so called 
“neurogenic hypothesis of major depression” (Kempermann et al. 2008). This was the first theory 
connecting adult neurogenesis imbalances to this psychiatric disorder, and even more important, the 
first cellular hypothesis of depression (Kempermann et al. 2008). It postulates that impairments on the 
production of new neurons and reduced neuroplasticity may be related to depressive-like behaviors, 
based primarily on findings that stress inhibits adult hippocampal neurogenesis, and causes dendritic 
atrophy (Schoenfeld and Cameron 2015). This hypothesis is being highly supported by different 




action of different antidepressant drugs (ADs) (Bessa et al. 2009a; Kang et al. 2016). However, some 
precautions have to be taken in consideration when we describe the association between the 
neurogenic process and depression. For example, different studies used specific methods to ablate 
hippocampal neurogenesis, like irradiation, and depressive-like phenotype was not induced in animals. 
More so, there are descriptions in the literature of ADs with both neurogenic-dependent and neurogenic-
independent actions (Kang et al. 2016).  
A third link between hippocampal neurogenesis and depression lies in the functional 
importance of this specific neurogenic process in behavioral domains commonly affected in depressive 
patients, like mood, anxiety and cognition (Figure 6) (Dupret et al. 2008; Bessa et al. 2009a; Clelland 
et al. 2009). The relationship between adult hippocampal neurogenesis and these 3 dimensions 
affected in depression is rather complex and not yet fully understood. However, enhancement of 
hippocampal neurogenesis via exercise, pharmacological, or genetic manipulations, was shown to 
induce anxiolytic and antidepressant-like effect in animals, suggesting that increased neurogenesis is 
sufficient to modulate these behaviors (Wu and Hen 2014; Hill et al. 2015; Kang et al. 2016).  
In sum, hippocampal neurogenesis has a great impact in the pathophysiology of depression, 
both by being directly involved in the behavioral dimensions affected in depression or by indirectly 
mediating ADs efficacy in animals or patients suffering from this psychiatric disorder. As such, further 
insights in the mechanistic modulation of hippocampal neurogenesis in depression are needed, to more 
precisely evaluate the scientific validity of the neurogenic hypothesis of depression and possibly open 
up a new array of therapeutic targets to treat depression. 
 
1.3.2. Transcriptional and epigenetic deregulation of adult hippocampal 
neurogenesis as a possible precipitator of depression 
 Given the crucial role of adult neurogenesis in several aspects of brain function, such 
as cognitive, emotional and mood regulation it is not surprising that dysregulation of this process may 
contribute to various brain disorders. During the last decade, cumulative evidences have emerged for 
the participation of genetic and epigenetic regulatory mechanisms in adult hippocampal neurogenesis. 
Thus, dysfunctions in these regulatory mechanisms might be a key mediator of the neurogenic 





Several studies aimed to identify genes deregulated in depressive and other stress-related 
disorders. In one such study, human hippocampal progenitor cells in vitro were treated with high levels 
of cortisol during the proliferation phase, to mimic the effects of chronic stress exposure (Anacker et al. 
2013). Signaling pathway analysis of gene transcription revealed different pathways affected by the 
glucocorticoids treatment, including three well known to regulate adult neurogenesis, namely, the 
forkhead box protein O3 (FOXO3A) pathway, which was activated, the transforming growth factor-β 
(TGFβ)-SMAD2-SMAD3 and the Hedgehog pathway, which were inactivated (Egeland et al. 2015). 
Interestingly, gene transcription and subsequent analyses of hippocampal tissue from rodents exposed 
to prenatal stress showed similar results regarding the inactivation of Hedgehog and TGFβ-SMAD2-
SMAD3 pathways. Despite the fact that in vitro and in vivo comparisons should be carefully made, the 
consistency of results between the human neuronal cell line and the rodent hippocampus suggests that 
these signaling pathways are likely to be very important in the regulation of post-natal neurogenesis by 
stress exposure (Egeland et al. 2015). Another study using a rodent model revealed several changes in 
Figure 6. Impact of hippocampal glutamatergic neurogenesis in depression. 
Chronic stress exposure leads to hippocampal neuroplastic impairments causing dendritic atrophy on pre-existing granular 
neurons and compromising the generation of new neurons. Impairments in the hippocampal neurogenic process can be 
attributed to dysfunctions in transcriptional and epigenetic regulators, possibly leading to the multidimensional behavioral 




gene expression in the hippocampal DG after chronic stress exposure. In this study, exposure to a 
chronic stress protocol induced a decrease in the level of cAMP response element binding protein 
(CREB), impairing in this way this pathway and disabling the expression of genes involved in the adult 
glutamatergic neurogenic process (Datson et al. 2012). CREB is a transcription factor that controls 
adult neurogenesis, as its phosphorylation allows its binding to the brain derived neurotrophic factor 
(BDNF) promoter, thus modulating BDNF function (Kempermann 2011). BDNF has highly relevant 
roles in the adult glutamatergic neurogenesis process, being greatly involved in dendritic growth and 
spine maturation of hippocampal neurons. Moreover, in pathological conditions BDNF deficits leads to 
impairments in the adult neurogenic process, not only causing deficiencies in neuroplasticity but also 
impairing neuronal survival, differentiation and maturation (Kempermann 2011). Another indicator of 
the importance of BDNF in depressive conditions comes from the pharmacological action of ADs. One 
of the well known targets of ADs is indeed BDNF, which has an increased expression upon ADs chronic 
administration, leading to the reversal of neuronal atrophy and cell loss, further improving the 
behavioral output in anxiety, motivation and cognition (Martinowich et al. 2007). 
Moreover, phosphorylated CREB highly co-localizes with polysialylated form of neural cell 
adhesion molecule (PSA-NCAM) in the hippocampal DG (Nakagawa et al. 2002). PSA-NCAM is a well 
known cell-adhesion molecule known to be involved in many facets of neural plasticity, playing 
important roles in synaptic plasticity and mediating effects of neurotrophic factors like BDNF 
(Wainwright and Galea 2013). This molecule is reduced in depressed patients and in animal models of 
depression while chronic treatment with ADs increases its expression. Importantly, in pathological 
conditions decreased expression of PSA-NCAM, leads to impairments in adult neurogenesis, in neurites 
outgrowth and in the maturation of the synapse sites of mature neurons (Wainwright and Galea 2013). 
Although being still a controversial topic, several studies showed that impairments in epigenetic 
regulatory mechanisms of adult hippocampal neurogenesis are also affected in animal models of 
depression. This deregulation may contribute to aberrant expression of risk-associated genes causing 
negative impact on neurogenesis, and contributing in this way, to the pathophysiology of depression. A 
case supporting the epigenetic deregulation of adult neurogenesis in depression is the already 
mentioned methyl binding protein MBD1. In previous studies, by Allan and colleagues, showed that 
MBD1-deficient mice, besides having decreased NSCs proliferation, also displayed significant deficits in 
different behavioral dimensions affected by depression. These animals showed increased anxious 
phenotype both in elevated-plus maze (EPM) and light-dark box, cognitive deficits demonstrated during 




through the forced swimming test (Allan et al. 2008). These different findings suggested that MBD1 
binding protein impacts on adult neurogenesis epigenetic modulation, and consequently in the 
pathophysiology of depression. 
Moreover, epigenetic regulators involved directly in post-mitotic neuronal maturation and 
differentiation, have also been related to different behavioral and cognitive impairments observed in 
various neuropsychiatric disorders, including depression. One well-known example is the methyl-CpG-
binding protein 2 (MeCP2), reported to be involved in adult hippocampal neurogenesis and in the 
pathophysiology of major depression. This well characterized epigenetic regulator is highly responsible 
for the expression of BDNF. Mechanistically, MeCP2 specifically recognizes methylated DNA at a 
promoter of the BDNF and further recruits the transcription repressors histone deacetylases (HDACs) 
and SIN3A (Yao et al. 2016).  Furthermore, it has been shown, using a MeCP2 KO mice, that deficiency 
in this binding protein causes reduction of hippocampal neurogenesis, severe deficiencies in the 
maturation of newborn neurons in the SGZ, including delayed differentiation and diminished dendritic 
spine density (Smrt et al. 2007). As such, MeCP2 may interfere in neurological pathways that mediate 
adult neurogenesis, and thus can be involved in its deregulation in a depressive situation. The DNMTs 
family of enzymes was also shown to be involved in epigenetic deregulation in depression, specifically 
causing impairments in memory formation (Miller and Sweatt 2007; Miller et al. 2008). Interestingly, an 
enzyme that belongs to this family, DNMT3b, has increased expression in depressive suicide 
completers (Poulter et al. 2008). 
 Another indicator of the involvement of epigenetic mechanisms deregulation involvement in the 
modulation of the neurogenic process and precipitation of depression can be endorsed by the 
pharmacological action of ADs in depression. The action of the antidepressant imipramine, a tricyclic 
agent with a well described pro-neurogenic action (Bessa et al. 2009a) and behavioral improving 
features in a socially defeated mice model, induces the downregulation of HDAC in the hippocampal 
region (Tsankova et al. 2006). Moreover, overexpression of specific HDACs, such as HDAC5, 
counteracts the positive behavioral effects of chronic treatment with imipramine in animal models. This 
deacetylase is involved in the regulation of adult hippocampal neurogenesis, controlling both newborn 
neurons maturation and also its survival (Mateus-Pinheiro et al. 2011). The clinical effectiveness as 
mood stabilizer of another used drug in depression, valproic acid (VPA), has been associated to its 
neurogenic improvement effect (Yu et al. 2009). Additional studies, proved that VPA alone, or in 
conjugation sodium butyrate or when administered with the antidepressant fluoxetine ameliorates 




inhibitor (HDACi), and that HDAC inhibition is a known target of adult hippocampal neurogenesis, these 
studies reinforced the importance of the pharmacological modulation of epigenetic regulators to the 
efficacy of some ADs (Mateus-Pinheiro et al. 2011). 
 Epigenetic deregulation is also involved in the vulnerability to stress, enhancing the 
susceptibility to stress-related disorders, such as depression. The role of epigenetics in stress is a quite 
recent concept, but it has been shown that in rats exposed to stress early in life, have an increased 
expression in a specific DNA binding protein REST (repression element 1 silencing transcription factor) 
– REST4. These animals showed higher susceptibility to high-levels of anxiety-like behavior and stress-
induced impairments in some cognitive domains, like spatial reference memory and attention (Uchida 
et al. 2010). In a different study, using a mice model with ablation of a crucial component of a 
repressive chromatin complex, KAP1, this epigenetic regulator was shown to impact on anxiety, since 
these KO animals showed high-levels of anxiety-like behavior and other significant stress-induced 
impairments (Bredy et al. 2010). These referred epigenetic mechanisms are not directly involved in the 
modulation of adult neurogenesis, but are a great example of the importance that deregulation of 
epigenetic factors may have in increasing susceptibility to depression (Mateus-Pinheiro et al. 2011). 
 In summary, there are mounting evidences strongly suggesting the crucial role of different 
genetic and epigenetic regulators in the modulation of adult hippocampal neurogenesis in some 
neuropsychiatric disorders. Therefore, it is important to study its deregulation in pathological situations, 
in order to truly understand the mechanism underlying its function and comprehend if it is suitable to 
use in therapeutical approaches. This will open a new range of therapeutical possibilities, since it will 
facilitate the design of new molecule-directed drugs to counteract the neuropathological effects of major 
depression. Also, characterizing and understanding the functional roles of these neurogenic modulators 












































2. RESEARCH OBJECTIVES 
 
Previous studies from the group unveiled an important function of the transcription factor AP2γ 
in the modulation of adult glutamatergic neurogenesis and behavior. The central objective of this master 
thesis is to further explore the impact of this transcription factor in brain neurophysiology and behavior 
during development and at adult stages, dissecting also its underlying mechanisms both in basal and 
depressive states. For this, the work was divided into 2 major parts: 
 
PART 1 
 In the first part of this thesis we characterized the constitutive AP2γ KO animal model, to 
discriminate if the molecular and behavioral deficits seen in the adult mice are indeed an adult 
response or if there is already an impact of AP2γ reduction on post-natal developmental stages and on 
juvenile stages. For this purpose, three objectives were designed: 
1) Explore the impact of AP2γ on post-natal developmental; 
2) Understand if reduction of AP2γ has impact on behavior of juvenile mice; 




 In the second part of this thesis we aimed to bring some insights regarding the impact of AP2γ 
on depressive-like behavior. Therefore, we used both constitutive and conditional AP2γ KO animal 
models, and designed two main objectives: 
1) Investigate the impact of AP2γ on behavior of depressive-like animals; 








































 CHAPTER 3 







3. MATERIALS AND METHODS  
3.1. Animals 
  
The experimental procedures performed in this master thesis were conducted in accordance 
with the Portuguese national authority for animal experimentation, Direcção-Geral de Alimentação e 
Veterinária (ID: DGAV4542). Animals were kept and handle in accordance with the guidelines for the 
care and handling of laboratory animals in the directive 2010/63/EU of the European Parliament and 
of the Council. Efforts were made to minimize the number of animals used and their suffering.  
To all animals was given the standard diet (4RF25 during gestation and postnatal periods, and 
4RF21 after weaning; Mucedola SRL, Settimo Milanese, Italy) and water ad libitum, with exception to 
the privation periods that occurred whenever the experiment required so. After weaning, animals were 
group-housed (3-5 per cage) and maintained under standard laboratory conditions on a 12/12h 
light/dark cycles (lights on at 8 a.m.) with an ambient temperature at 22ºC, and relative humidity of 
55%. 
In order to address the proposed objectives two animal models were used. To fulfill the first 
part of this thesis the constitutive AP2γ KO animal model was used, and for the second part both 
constitutive and conditional AP2γ KO animal models were used. 
Constitutive AP2γ KO animal model: 
AP2γ heterozygous KO (AP2γ+/-) mice (kindly provided by Dr. Hubert Schorle, Institute for 
Pathology, University of Bonn Medical School, Bonn, Germany) were maintained in a SV/129 
background and identified the genotypes by PCR of genomic DNA. For the post-natal evaluation of the 
developmental milestones, male animals were divided according to its genotype: WT (n=9) and AP2γ+/- 
(n=9) animals. Due to the strong side effects of the developmental milestones protocol a different set of 
male animals was used for the juvenile behavior and histological evaluation, and once again the 
animals were divided according to its genotype: WT (n=12) and AP2γ+/- (n=10) animals. Adult male 
animals with 2 months of age were divided into four experimental groups: WT control mice (n=8), 
AP2γ+/- control mice (n=7), WT mice exposed to uCMS (n=8), and  AP2γ+/- exposed to uCMS (n=7). 
 
Conditional AP2γ KO animal model: 
AP2γloxP/loxP (AP2γfl/fl) conditional KO mice (being loxP a locus of crossing over of bacteriophage) 
and Glast:CreERT2 mice were maintained on a SV/129 and C57Bl/6J background and the genotypes 




helix-span-helix domain near the protein carboxyl terminus. AP2γfl/fl mice were crossed with 
Glast:CreERT2. Both male WT (AP2γ+/+//Glast:CreERT2+/-, henceforth referred to as cAP2γ+/+) animals and 
KO (AP2γfl/fl//Glast:CreERT2+/-, henceforth referred to as cAP2γ-/-) mice with two months of age were 
divided into four experimental groups: cAP2γ+/+ control mice (n=12), cAP2γ-/- control mice (n=5), cAP2γ+/+ 




After collecting tail tips, the samples were transferred into 300 µL of lysis solution (Citogene, 
Brazil) with 1.5 µL of Proteinase K (Thermo Scientific, USA) and incubated overnight at 55ºC. In the 
following day, 100 µL of protein precipitation solution was added (Citogene), and after tissue lysis was 
completed, bones and hairs were removed through centrifugation [5 min at 13000 rotations per minute 
(rpm)]. The supernatant was transferred to 300 µL of cold isopropanol tubes that were inverted several 
times until the DNA precipitation was completed. Afterwards, the tubes were centrifuged for 5 min at 
13000 rpm, the supernatant was rejected and the DNA pellet was washed with 300 µL of ethanol 70%. 
To remove the ethanol, a centrifugation was performed for 1 min at 13000 rpm, and the supernatant 
was carefully discarded, leaving the pellet to dry at room temperature (RT) for 1 h. The DNA was then 
dissolved in DNase and RNase free water (Sigma, USA) at 65ºC for 1 h. DNA concentrations were 
accessed through the use of NanoDrop (ND-100 Spectrophotometer, Alfagene, Portugal) apparatus, 
and adjusted to a final concentration of 50 ng/µL.  
To access the genotype of mice with one null allele of the AP2γ gene, it was used 2 µL of DNA 
(extracted like it was described) as a template for a multiplex polymerase chain reaction (PCR) using the 
primers presented in Table 1.  
 
The primers P1 and P2 are used to identify the WT allele (343 bp), through an amplification of 
this allele, while the P3 primer allows us to identify the null allele (700 bp) of the AP2γ gene (Figure 7).   
Primer abbreviation Primer database code Sequence TM (°C) 
P1 Ap2γ_In4down 5’-aacaggttatcatttggttgggatt- 3’ 61 
P2 Ap2γ_Ex5up 5’-caattttgtccaacttctccctcaa-3’ 62,5 
P3 Ap2γ_Ex6up 5’-aatagtcagccaccgctttactagg-3’ 65 




To genotype GLAST: CreERT2 mice it was used 2 µL of DNA as a template for a multiplex PCR 
using the primers presented in Table 2. 
 
Figure 7. Representation of the 6-kb genomic fragment of AP2γ. 
The exons are numbered and identified in grey. Primers P1 and P2 were used to amplify the WT allele, while the P3 was 
used to distinguish the null allele. Adapted from (Mateus-Pinheiro 2011). 
 
Table 2. List of PCR primers sequence needed to genotype GLAST: CreERT2 mice and respective melting 
temperature (TM) 
 
The primers P4 and P5 were used to amplify the WT allele (700 bp), while the P6 primer 
allowed to identify the recombinant allele (400 bp). 
To perform the PCR, a thermal cycler (MWG AG Biotech Primus 96 plus, Cole-Parmer, USA) 
was used. The PCR tubes (Sarstedt, Germany), with a total volume of 20 µL of the master mix and 
reaction conditions, are presented in Table 3. 
 
Table  3. Primer mix composition and reaction conditions 
Primer abbreviation Primer database code Sequence TM (°C) 
P4 GLAST_F8 5’-gaggcacttggctaggctctgagga- 3’ 71 
P5 GLAST_R3 5’-caggagatcctgacccgatcagttgg -3’ 69 
P6 CER1 (CreERT2 specific primer) 5’-ggtgtacggtcagtaaattggacat-3’ 64 
Reagents 




Genotyping   
DNA 
template 
AP2γ PCR conditions GLAST:CreEr
T2 PCR 
conditions 
P1 (10μM) 1 μL - 




















P2 (10μM) 1 μL - 
P3 (10μM) 1 μL - 
P4 (10µM) - 1 μL 
P5 (10µM) - 1 μL 
P6  (10µM) - 1 μL 
Taq 
Polymerasea 
0.4 μL 0.4 μL 




- 6 μL 
H2O (Sigma) 3.6 μL 12.6 μL 
a Nzytech Taq DNA Polymerase (recombinant) (5u.μL-1) 




PCR products were separated in a 3% agarose gel stained with Greensafe premium (Nzytech, 
Portugal). The gel was obtained by mixing 100 mL of TAE (Tris base, Acetic acid and EDTA) buffer with 
3 g of agarose (GeneON, UK), and then, 3 µL of Greensafe premium was added. After the gel 
polymerization was completed, 3 µL of 6xDNA loading dye (Fermentas, USA) was added to each 
sample, and 10 µL of the referred samples were charged in different wells. To guarantee a correct 
interpretation of the size bands, to each row of the gel 4 µL of 1kb DNA ladder (0.5µg/μL GenerulerTM 
Fermentas) was loaded in 2 wells. The electrophoresis occurred at 100 V for a period of 30 min. After 
completion of the run, the gel was visualized on a cassette of the GeldocTM IZ imager (Biorad, USA), and 
the image obtained was cut and cleaned using Image LabTM Software (Biorad). 
 
3.3. In vivo tamoxifen injections  
  
To promote inducible excision of AP2γ, all AP2γ conditional KO animals groups (both cAP2γ+/+ and 
cAP2γ-/-) were injected with tamoxifen (T-5648, Sigma, USA). Tamoxifen was dissolved in corn oil (Sigma; 
C-8267) at 20 mg/mL and 1 mg was injected intraperitoneally (i.p.) twice a day for 5 consecutive days 
(Mori et al. 2006; Feil et al. 2009). After a 7 days’ interval period, this process was repeated once 
more. 
 
3.4. Unpredictable chronic mild stress protocol 
  
Both animal models (AP2γ constitutive KO model and the AP2γ conditional KO model) were 
exposed to a unpredictable chronic mild stress (uCMS) protocol, which is described and employed in 
rats (Bessa et al. 2009b), but in previous studies from the group, the employment of this protocol with 
some adaptions induced core depressive-like symptoms in mice. Briefly, the uCMS protocol 
encompasses several mild stressors: confinement to a restricted space for 1 h; housing in an 
overcrowded cage for 1 h; housing in shaking cages for 2 h; overnight housing in titled cages; overnight 
damp bedding; exposure to stroboscopic lights during 4 h and noise exposure for 4 h. Animals were 
random exposed to these stressors during 6 weeks. Control animals were handled every week 
throughout the protocol. All behavioral analyses were conducted after the uCMS period (weeks 7 and 8) 






3.5. Serum corticosterone measurements 
 
 At the end of the uCMS protocol, blood samples were collected in order to assess the level of 
corticosteroids on both adult AP2γ KO animal models (AP2γ constitutive KO model: nControl WT=8; nControl AP2γ+/- 
=8; nuCMS WT=7; nuCMSl AP2γ+/- =7; AP2γ conditional KO model: nControl cAP2γ+/+=12 ;nControl cAP2γ-/- =5; nuCMS cAP2γ+/+=12 ;nuCMSl cAP2γ-/- 
=8). This was performed to evaluate if indeed the uCMS protocol induced core molecular alterations in 
the animals subjected to this stress protocol, since corticosterone is a major indicator of stress (stress 
increases the production of corticosteroids). Blood sampling (tail venipuncture) was performed during 
the diurnal nadir (N, 08.00-09:00) and nocturnal zenith (Z, 20:00-21:00), with an interval of 24 h in 
between. Serum was obtained by centrifugation (13000 rpm for 10 min) and stored at -20ºC until 
further analysis. Subsequent serum corticosteroid levels were measured by corticosterone enzyme-
linked immunossorbant assay (ELISA) kit, following the instructions provided by the manufacture (Enzo 
Life Sciences, Switzerland) 
 
3.6. Behavioral tests 
   
3.6.1. Developmental milestones  
 The assessment of the neurobehavioral neonatal development included the performance of a 
diverse and well-described range of tests (Lim et al. 2008). These tests were used to evaluate different 
neurologic parameters such as motor coordination, spatial and auditory reflexes, and strength 
development. This procedure was designed to allow a fast analysis so that several animals could be 
examined daily in a relatively short period of time, reducing in this way the stress induced in the 
mothers and litter (Lim et al. 2008).  
 The day of birth was considered as postnatal day (PND) 0, and after some experience with the 
protocol we decided to not perform any kind of test in this day due to be too traumatic for the mothers. 
From this day on, mice were daily inspected for the acquisition of developmental milestones and weight 
gain until PND21, the weaning day. To allow a fast identification of each mouse, pups were numbered 
and only after the weaning day, tail tips were cut to genotyping purposes.  
 On the day of testing, the home cage was moved into the testing room and left to habituate for 
at least 15 min. During the experimental performance, the pups were left in the same room as the 




and the execution of each test was random, as well as the animal’s order. The experiment procedures 
were conducted blind to genotype. 
 This developmental milestones protocol encompasses several tests that have to be performed 
in a specific a range of time during the 21 days (Table 4). The results of the tests have in consideration 
the time to accurately perform, or reply to a stimulus or posture. Thus, the latency of time (in seconds, 
s) that the animal took to perform the test was registered and later converted to dichotomic scores, as 
indicated in Table 5, allowing in this way a quantitative measurement of the behavior. The animal is 
considered to display the mature response on a specific test when the highest score is attributed for 
three consecutive days. 
 This developmental milestones protocol can be divided into two major categories of tests: test 
that assess somatic parameters and tests that evaluate neurobiological reflexes (Table 6). 
 
Table  4. Data sheet for developmental milestones  
Neonatal mouse pups were examined daily from PND 0 to 21 for performance on a wide range of developmental tests 
evaluating strength, motor coordination and the appearance of reflexes. The shaded areas identify the different tests 
performed on each day. 
Milestones tests 
Postnatal day 
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 
Weight                       
Anogenital distance                       
Surface righting                       
Negative geotaxis                       
Cliff aversion                       
Rooting                       
Postural reflex                       
Wire suspension                       
Walking                       
Grasping                       
Auditory startle                       
Ear twitch                       
Open field                       
Air righting                       
Eye opening                       





 As a measure for morphological development animals were daily weighed and the anogenital 
distance (which refers to the distance between the anus and the opening of the genitalia) was also 
measured. The opening of both eyes was inspected everyday and scored according to Table 5. 
 
Neurobiological reflexes 
 Surface righting, PND1-13 (Labyrinthine reflex and body righting mechanism, strength and 
coordination). The mouse pup was held gently (in the four limbs) on its back and released. The time for 
the pup to flip over with all four paws touching the surface of the soft screen was registered, and later 
converted into dichotomic scores. If the animal did no responded within 30 s, the test was ended. When 
the pups were able to right themselves in less than 1 s for three consecutive days, the mature response 
was attributed. 
 
Negative geotaxis, PND1-14 (Labyrinthine reflex and body righting mechanism, strength and 
coordination). The animal was placed head down on a square of a scratchy screen set at an angle of 
45º. The latency of time for the pup to turn 180º to the “head up” position was recorded and converted 
to a dichotomic score. If the pup lost footing and slipped on the screen, the test was repeated once 
more. If the animal did not respond within 30 s, the test was stopped. The test was daily repeated and 
the mature response was attributed once the animal performed correctly the movement in less than 30 
s for three consecutive days.   
 
Cliff aversion, PND1-14 (Labyrinthine reflex and body righting mechanism, strength and 
coordination). The animal was placed on the edge of a small box, with the digits of the forepaws and 
the snout hanging over the box. The time that it took the animal to turn and begin crawling away from 
the edge was registered and later converted to a dichotomic score. If the pup lost footing and slipped off 
the box, the test was repeated once more. If the animal did not respond within 30 s, the test was 
stopped. The test was daily repeated and the mature response was attributed once the animal 
performed correctly the movement in less than 30 s for three consecutive days.  
 
Air righting, PND8-21 (Labyrinthine reflex and body righting mechanism, strength and 




30 cm, while its landing position was observed. The mature response was recognized when the animals 
landed on all four paws for three consecutive days.  
 
Table  5. Adaptation of time latency registered for each test into dichotomic scores  
[adapted from (Hill et al. 2008)] 
Milestones tests 
Score 
0 1 2 3 
Surface righting No response within 30 s 
Rights itself but slowly (10 - 
25 s) 
Rights itself but it takes 
around 10 s to do it 
Rights itself immediately 
Negative geotaxis No response within 30 s 
Turns its body 180º to the 
“head up” position in less 
than 30 s 
  
Cliff aversion 
Freezes/does not respond 
within 30 s 
Turns very slowly back to 
the surface (10 - 25 s) 
Avoids the cliff, but it still 
takes some time to turn (up 
to 10 s) 
Turn back in less than 3 s 
Rooting 
Does not move the head 
towards the filament 
Moves the head towards 
the filament in one way 
Moves the head towards 
the filament in two ways 
 
Postural reflex Not present Present   
Wire suspension Falls immediately  
Grasps the bar with all four 
limbs (maximum time set 
30 s) 
  
Walking No locomotion 
Pivoting – moves around 
with the help of and 
forelimbs, but it does not 
uses the hind limbs 
Crawling – Moves around 
with all four limbs, but it 
still drags the belly over the 
surface 
Walking – Mature 
locomotion with body fully 
supported by the four limbs 
Grasping No grasping 
Places its paws on the thin 
wire, but it does not hold on 
firmly 
Places its paw on the thin 
wire, but when the stick is 
pulled, it can not hold it 
Grasps the thin wire very 
firmly 
Auditory startle No response Reacts to the sound   
Ear twitch Not present Present   
Open field No response within 30 s 
Moves out of the arena in 
less than 30 s 
  
Air righting Lands on its back 
Lands on the surface with 
all four paws 
  
Eye opening Both closed One eye open Both eyes open  
 
Rooting, PND1-12 (Tactile reflex and motor coordination). To perform this test a fine filament 
of a cotton bud was used. The filament was gently and slowly rubbed from front to back alongside of 
the animal’s head. It was considered a successful test if the pup moved it head towards the filament. 
The test was repeated on the other side of the head to evaluate the appearance of this neurobiological 
reflexes on both sides. If the animal did not respond to the filament the test was repeated once. The 
mature response was recognized when the animals responded on both sides to the cotton filament for 




Grasping, PND5-21 (Freeing reflex). The mouse palm forelimb was stimulated with a thin wire. 
This reflex disappears with the development of the nervous system, and because of that the mature 
response was assumed to appear as soon as the animal grasped firmly the thin wire immediately. 
 
Postural reflex, PND5-21 (Reflex). The pups were placed in a small plastic box and gently 
shaken up and down and left and right. When the animals were able to maintain its original position in 
the box by extending all four paws, it was assumed that the animals acquired the mature response.  
 
Auditory startle, PND7-18 (Auditory reflex). In this test the animals were placed on a 
laboratory bench and had to react to a handclap at a distance of 10 cm. When the pups responded 
correctly with a quick involuntary jump for three consecutive days it was presumed that the animals 
developed the mature response. 
 
Ear twitch, PND7-15 (Tactile reflex). To execute the test a fine filament twisted from a cotton 
swab was used to gently brush the ear of the pups three times. The animal was considered to 
accomplish a mature response when it responded by flattening the ear against the side of the head for 
three consecutive days. 
 
Wire Suspension, PND4-14 (Strength). The animal, hold with its forepaws in a 3-mm 
diameter metal wire suspended at 5 cm above a soft surface, was released and the interval of time that 
the pup maintained grasping the thin wire was acquired. If the pup immediately failed off, the test was 
repeated once more. The mature response was achieved when the animal was able to grasp the bar 
holding it with all four paws.  
 
Open field, PND8-21 (Locomotive coordination). To execute this test, the animal was placed 
in a small and adapted arena (a circle with 13 cm in diameter), and the interval of time taken to move 
was recorded. If the pup was not able to move, the test was ended. When the mouse was able to leave 
the circle in less than 30 s in three consecutive days, it was considered that the animal presented a 





Walking, PND5-21 (Locomotive coordination and muscular strength). In this test, the animals 
were able to freely move around on the laboratory bench for 60 s. The mature response was achieved 
when the animals were able to move with the body completely supported by the four limbs. 
 
Homing, PND12 (Locomotive coordination and olfactory capabilities). Individual animals were 
placed in the center of a standard cage containing 1/3 of bedding from the home cage and the 
remaining of the cage with new clean bedding. In this test it was assessed the latency to turn and move 
onto the home cage bedding in three separate trials. Each trial lasted a maximum of 120 s with an 
inter-trial interval of 10 s. The mouse was considered to recognize the home cage bedding when all four 
paws had crossed onto the home bedding and the pup remained there for at least 10 s. 
 




Milestones tests Somatic Reflexes Coordination Strength Vestibular Olfactory 
Weight       
Anogenital distance       
Eye opening       
Surface righting       
Negative geotaxis       
Cliff aversion       
Air righting       
Rooting       
Wire suspension       
Walking       
Open field       
Grasping       
Postural reflex       
Auditory startle       
Ear twitch       




3.6.2. Elevated-plus maze 
The elevated-plus maze (EPM) is a widely used behavioral assay for rodents and it has been 
validated to access mechanisms underlying anxiety-related behavior (Walf and Frye 2007). The 
assessment of anxiety-like behavior of the rodents is possible through the ratio of time spent on the 
open arms to the time spent on the closed arms. Unlike other behavioral tests used to evaluate anxiety 
responses upon the presentation of noxious stimuli, that typically produce a conditioned response, the 
EPM relies on rodents tendency to explore novel environments (Bailey and Crawley 2009). Despite of 
this tendency, mice tend to prefer dark, enclosed spaces (approach) and have an unconditioned fear of 
heights/open spaces (avoidance) (Walf and Frye 2007). This approach-avoidance conflict results in 
behaviors that have been correlated with increases in physiological stress indicators. 
 A black propylene-made EPM apparatus (ENV-560; MedAssociates, USA) was used, and it 
basically consists in two opposite open arms (50.8x10.2 cm) in perpendicular orientation towards two 
additional opposite closed arms (50.8x10.2x40.6 cm), elevated 72.4 cm above the floor. The central 
area connecting both arms measured 10x10cm. Each animal was individually positioned in the center 
of the maze, facing an edge of a closed-arm and was allowed 5 min of exploration. Behavior parameters 
were recorded using an infrared photobeam system. Videos were analyzed using the video tracking 
software Ethovision XT (Noldus, Netherlands). 
 
3.6.3. Open Field test 
The open field (OF) is a commonly used test to evaluate anxious-like behavior and measure 
exploratory behavior and general activity in rodents. In order to do that, different parameters have to be 
measured: for instance, to evaluate the movement it is necessary to take in consideration distance 
traveled and time spending moving. Anxiety-like behavior can be assessed by measuring the activity in 
the center of the arena and comparing it with the activity that the animal has in the peripheries of the 
OF (Bailey and Crawley 2009). Normally decreased time and ratio central/total locomotion or latency to 
enter in the central part of the arena is an indication of anxiety-like behavior (Prut and Belzung 2003). 
 The OF apparatus consisted of a highly illuminated square arena of 43.2x43.2 cm, closed by a 
30.5 cm high wall. Mice were placed individually in the center of the OF arena and their movement was 
traced for 20 min (in juvenile animals) and 5 min (adult mice), using a 16-beam infrared system. The 





3.6.4. Forced Swimming test 
 Learned-helplessness was evaluated through the forced swimming test (FST) for the 
assessment of depressive-like behaviors. The experimental parameters employed in the FST were 
conducted using a slightly modified protocol described by Porsolt and colleagues 1977 (Porsolt et al. 
1977). Briefly, each animal was individually placed in glass cylinders filled with water (23ºC; depth 30 
cm) for 5 min. Test sessions were video-recorded and the immobility time was measured using the 
video tracking software Ethovision XT (Noldus). Through this software it was possible to define different 
parameters to ashore that indeed the animal is immobile. A mouse was judged immobile when it 
ceased all active behaviors (struggling, swimming and jumping) and remained passively floating or 
making minimal movements need to maintain the nostrils above water. To assess learned-helplessness, 
the first 3 min of the single session trial was considered as a habituation period and the last 2 min as 
the test period. Therefore, only the last 2 min of the trial were considered for behavioral analysis.  
 
3.6.5. Tail suspension test 
 The tail suspension test (TST) is also a commonly used behavioral test to assess depressive-like 
features in mice. The principle of this behavioral paradigm is highly similar to the FST, evaluating also 
the learned-helplessness of the animals. In this test, mice were suspended by the tail to the edge of a 
laboratory bench 80 cm above the floor (using adhesive tape), during 6 min (both for juvenile and adult 
mice). Trials were video-recorded, and immobility and climbing time was measured through the use of 
video tracking software Ethovision XT (Noldus). To assess learned-helplessness the first 3 min of the 
single session trial was considered as a habituation period and the last 3 min as the test period. 
Therefore, only the last 3 min of the trial were considered for behavioral analysis. 
 
3.6.6. Sucrose splash test 
 The sucrose splash test, henceforth referred as splash test, as described by Yalcin and 
colleagues (Yalcin et al. 2008) consists in spraying a 10% sucrose solution on the dorsal coat of mice in 
their home cage. Because of its viscosity, the sucrose solution dirties the coat and induces grooming 
behavior. After applying the sucrose solution, the time spent grooming was video-recorded for a period 
of 5 min as an index of self-care and motivational behavior, and then manually analyzed using the 
behavioral scoring program Observador v.0.2.7 (Department of Pharmacology, University of Athens). 
Due to the simplicity of this paradigm, this behavioral test was only applied in the juvenile AP2γ 




3.6.7. Cognitive function assessment 
 For the assessment of the cognitive function in both adult AP2γ KO animal models two well 
described behavioral paradigms were used, the Morris water maze (MWM), and the contextual fear 
conditioning (CFC) tests. 
 
 3.6.7.1. Water Maze Tasks 
 The water maze tests were used to assess the performance in spatial reference and behavioral 
flexibility tasks as described by Bessa and colleagues (Bessa et al. 2009b). These tests were conducted 
in a circular white pool (170 cm diameter) filled with water at 22ºC to a depth of 34 cm in a room with 
extrinsic clues (triangle, square, cross and horizontal stripes) and a dim light. The water tank was 
divided in four quadrants by imaginary lines and a clear acrylic platform (12 cm diameter; 30 cm high), 
was placed in one of the quadrants. Trials were video captured by a video tracking system (Viewpoint, 
Champahne au mont d’or, France). 
 
Working memory task: 
 The working memory task (Cerqueira et al. 2007) was used to estimate the cognitive domain 
that relies on the interplay between the hippocampal and pre-frontal cortex (PFC) functions. The goal of 
this task, that results from adaptations on the original spatial reference memory test (Morris 1984), is 
to evaluate the capacity of animals to learn the position of the clear and hidden platform and to retain 
this information for four consecutives trials. The platform was placed in one of the quadrants, and it 
was maintained in the same position during the four daily trials. This task was evaluated during a period 
of 4 days, and in each day the platform was repositioned in a new quadrant in a clockwise-fashion. In 
each of the daily trials animals were positioned in a different starting point (north, east, west, and 
south) and a trial was considered terminated when the platform was reached within the time limit of 
120 s. If the animals did not reach the platform during the trial time, they were guided to the platform 
and allowed to stay in it for 30 s. The time of escape latency and the path described to reach the 
platform (distance swam) were recorded for each trial. 
 
 Reference memory task: 
 Through this water maze task, it was possible to assess the hippocampal dependent cognitive 
function. Briefly, in order to determine this task, the platform remained for 4 days in the same quadrant 




working memory task. The time of escape latency and the path described to reach the platform 
(distance swam) were recorded for each trial.  
 
Reversal learning task: 
 After conducting tests for 4 days, maintaining the platform in the same quadrant, the reversal 
learning performance of animals (which is a PFC dependent function) was tested by positioning the 
platform in a new (opposite) quadrant. Animals were tested in 4 trials according to the same procedure 
previously described. The time of escape latency and the path described to reach the platform (distance 
swam) were recorded for each trial. 
 
3.6.7.2. Contextual fear conditioning (CFC) 
 The CFC test was conducted in white acrylic chambers with internal dimensions of 20 cm wide, 
16 cm deep and 20.5 cm high (MedAssociates), with a fixed light bulb mounted directly above the 
chamber to provide illumination. Each chamber contained a stainless steel shock grid floor inside a 
clear acrylic cylinder, where animals were placed. Animal were exposed to two probes, a context probe 
and a cue (light) probe, as previously described by Gu and colleagues (Gu et al. 2012). Mouse freezing 
behavior was monitored via video cameras and manually scored with the help of the behavioral scoring 
program Observador v.0.2.7 (University of Athens). The CFC procedures were conducted over 3 days. 
 Day 1: Mice were placed in the conditioning white chamber (Context A) and received 3 pairings 
between a light (20 s) and a co-terminating shock (1 s, ≈ 0.5 mA). The interval between pairings was 
set as 180 s, and the first tone presentation commended 180 s after the mouse was placed into the 
chamber. At the end of the three pairings, mice remained in the chamber for a further 30 s before 
being returned to their home cage. The chambers were cleaned with a 10% ethanol solution between 
each trial.  
 Day 2: for the context probe, animals were placed in the white chamber (Context A), where they 
were originally shocked, 24 h after the light-shock pairings. Freezing behavior was measured during 3 
min. Two hours later, animals were put in a modified version of the chamber (Context B) that was 
sheeted with a black plasticized cover that was previously sprayed with vanilla scent, in order to alter 
both spatial and odor references; the ventilation was not operated, and the experimenter wore a 
different style of gloves and lab coat. Again, freezing behavior was measured for 3 min. The freezing 
behavior state was defined as the complete privation of motion, for a minimum of 1 s. The chambers 




 Day 3: For the cue probe, test setting for Context B were maintained and animals were placed 
inside the chamber 24 h after the context probe. After 3 min, the light bulb was turned on during 20 s 







3.7. BrdU labeling in vivo 
 
 To assess the effect of AP2γ on the proliferation of fast-dividing progenitor cells, and 
comprehend its influence in the hippocampal neurogenic process of depressive-like animals, all animal 
groups were injected intraperitoneally with a thymidine analogous that is incorporated in the DNA during 
the S-phase (Taupin 2007), the bromodeoxyuridine (5-bromo-2’-deoxyuridine, BrdU; 50 mg/kg) at the 
end of all behavioral test, and sacrificed 24 h later. 
 
3.8. Fixation of mice brains and tissue processing 
 
 At the moment of sacrifice all animals were deeply anesthetized with a ketamine (75 mg/kg; 
Imalgene, USA) and medetomidine (1mg/kg; Syba, USA) solution, and then, different steps were 
performed depending on the purpose that we had for the sacrificed animal. 
 For vibratome sectioning: After anesthetized animals were transcardially perfused with cold 4% 
paraformaldehyde (PFA) in 0.1M PBS 1x solution. Brains were carefully removed from the skull and 
post fixed in 4% PFA for 12 h at 4ºC, rinsed in phosphate buffered saline (PBS) and stored in a 30% 
sucrose/PBS solution with 0.1% azide at 4ºC. Brains were coronal processed at the vibrotome (Leica VT 
1000S, Germany) with a thickness of 40 - 50 μm, extending over the entire length of the hippocampal 
formation. 
 For macrodissection: Animals that were destined to different tests like western-blots and 
quantitative real-time PCR were only perfused transcardially with a 0.9% saline solution, and brains 
were carefully removed, after decapitation, and different brain regions were macrodissected: PFC, 
+ 
 
Day 1 Day 2 
Context A 








cortex, dorsal and ventral hippocampi, dorsal and ventral DG, SEZ, amygdala and cerebellum. The 
different brain regions were immediately stored at -80ºC until need for testing. 
  
3.9. Immunostainings  
 
Initially, the coronal vibratome processed sections were rinsed in PBS buffer prior to the 
staining procedure.  Eventual pretreatment of the sections is mentioned in the list of used antibodies 
Table 7. The coronal sections were then washed in PBS with 0.5% of Triton-X100 (Sigma; 3 times for 
15 min), since the antibodies used are intracellular markers. Afterwards, the blockage of non-specific 
binding was performed with PBS containing 10% fetal bovine serum (FBS, Biochrom, Germany). Then 
sections were incubated overnight at 4ºC with primary antibodies (specified in Table 7) diluted in PBS-
Triton with 10% FBS. The sections were washed in PBS-Triton several times. Secondary antibodies 
(Table 8), dissolved in PBS-Triton, were added and incubated for 2 h at RT. All coronal sections were 
stained with 4,6-diamidino-2-phenylindole (DAPI, 1:100, Invitrogen, USA) and mounted with immune-
mounting medium (Immu-Mount, Thermo Scientific). Finally, images were obtained at the confocal 
microscope (Olympus FluoViewTM FV1000, Germany) for further analyses. Solutions composition is 
described in Table 9. 
 
Table  7. List of primary antibodies 
 
Table  8. List of secondary antibodies 
 
Table  9. Solutions compositions 
Solution Composition 
PBS 1,3 M NaCl, 27 mM KCl, 15 mM KH2PO4, 83 mM NA2HPO4, pH 7.6 
PBS-T PBS 0.1%, Triton 0.5% 
PFA 4% PBS, 4%, pH 7.4 
Primary Antibody - Specie Working dilution Pretreatment Company 
DCX – Rabbit 1:100 
30 min HCl (2M) + 15 min in pre-
heated Cytrate buffer 
Abcam (UK) 
BrdU – Rat 1:50 
Secondary Antibody - Antigenicity Working dilution Company 
Alexa Fluor 568 – Anti-rabbit 1:1000 Invitrogen 




3.10. Western blot 
 
DG of both adult constitutive and conditional AP2γ KO animal models were carefully 
macrodissected after decapitation. Tissue was weighted and homogenized in RIPA buffer [containing 50 
mM Tris HCl, 2 mM EDTA, 250 mM NaCl, 10 % glycerol, 1 mM PMSF protease inhibitors (Roche, 
Switzerland) and then sonicated (Sonics & Materials, USA) for 2 min. The samples were centrifuged for 
25 min at 10.000 rpm at 4°C. The protein concentration of the supernatant was determined using 
Bradford assay. Samples with equal amounts of protein, 30 μg, were analyzed using the following 
primary antibodies: beta-actin (Life Technologies, mouse, 1:200), AP2γ (Abcam, goat, 1:250), Pax6 
(Millipore, rabbit, 1:2000), Sox2 (Millipore, rabbit, 1:500) and Tbr2 (Abcam, rabbit, 1:500). Secondary 
antibodies were purchased from BioRad (anti-mouse, 1:10.000; anti-rabbit, 1:10.000) and Santa-Cruz 
Biotechnologies (anti-goat, 1:5000). Membranes were developed using ECL Clarity reagent (BioRad) 
and developed in ChemiDoc XRS System from BioRad. After developing, images were quantified using 
ImageLabTM Software (BioRad). 
 
3.11. Quantitative real-time PCR  
 
Reverse transcriptase-polymerase chain reaction (RT-PCR) is a method used to amplify 
complementary DNA (cDNA) copies of RNA using a reverse transcriptase. Sensitive and versatile, RT-
PCR is used to clone the 5’ and 3’ termini of mRNAs and to generate large cDNA libraries from very 
small amounts of mRNA. Quantitative real-time PCR (qRT-PCR) combine conventional PCR 
methodologies with a detection mechanism and quantification by fluorescence, allowing to monitor the 
progress of the PCR as it occurs (i.e., in real time). Using sequence-specific primers, the number of 
copies of a particular RNA sequence can be determined. By measuring the amount of amplified product 
at each stage during the PCR cycle, quantification is possible. The amount of cDNA is measured via 
fluorescent dyes that yield increasing fluorescent signal in direct proportion to the number of PCR 
product molecules generated.  In the present study, these techniques were used to analyze the 






3.11.1. RNA extraction  
 Dorsal and ventral DG of adult constitutive AP2γ KO animal model were carefully dissected 
after decapitation. The RNA from theses tissues was then separately extracted by the Direct-zol RNA 
mini prep kit following the instructions provided by the manufacture (Direct-zol RNA mini prep, Zymo 
Research, USA). 
 
3.11.2. cDNA transformation and quantitative Real-time PCR 
The cDNA synthesis was performed using iScriptTM cDNA Synthesis Kit (BioRad, USA). 1μg of 
purified RNA was used as template and volumes normalized with nuclease-free water. The complete 
reaction mix (RNA sample, 5x iScript reaction mix and iScript reverse transcriptase, Table 10) was 
incubated for 5 min at 25°C followed by 30 min at 42°C and for final 5 min at 85°C, in a thermal 
cycler (Applied Biosystems, USA).  
 
Table  10. cDNA mix composition 
Components Volume per Reaction 
5x iScript reaction mix 4 µL 
iScript reverse transcriptase 1 µL 
Nuclease-free water x µL 
RNA sample x µL 
Total volume 20 µL 
 
Differences in gene expression were assessed by qRT-PCR. For quantitative gene expression 
analysis, the cDNA was subject to PCR amplification using Eva Green technology (Ssofast Evagreen 
supermix, BioRad) on the Applied Biosystems 7500 Real-Time PCR System (Applied Biosystems, USA) 
in order to obtain the real-time detection of PCR products.  Reaction solution was obtained with 5 µL of 
Ssofas Evagreen supermix, plus 10 µM from each primer, forward and reverse (Table 11). As template 
1 µL of cDNA was used. The cycling conditions applying in this procedure were 30 s at 95°C for the 
enzyme activation, followed by 40 cycles of 5 s at 95°C for denaturation, 5 s at 60°C for annealing and 
5 s at 72°C for extension step (Table 12). As reference gene Hspcb was used. The fold increase was 
determined using the 2-ΔΔCt (Livak) relative quantification method (Livak and Schmittgen 2001; Cardozo 






Table 11. List of PCR primers used to amplify genes associated with epigenetic mechanisms 
 
Table 12. PCR mix composition and reaction conditions 
Mix Components Volume (μL) cDNA template PCR conditions 
Evagreen Supermix 5 
1 µL 
95°C, 30 s 
95°C, 5 s 
60°C, 5 s 
72°C, 5 s 
Primer Forward 0.5 
Primer Reverse 0.5 
Nuclease-Free Water 3 
 
3.12. Data analysis 
 
 Statistical analysis was performed using IBM SPSS Statistics v.22 (IBM Com, USA) and graph’s 
representation using GraphPad Prism v.6 (GraphPad Software, La Jolla, USA).  
In order to compare the mean values for two groups, a two-tailed independent-sample t-test 
was applied. If an evaluation along time was required, a repeated measures ANOVA was performed. On 
the other hand, statistical evaluation for animal behavior tests and histological analysis for the adult 
mice, a two-way ANOVA was used to compare the interaction between two variables. Moreover, when 
we analyzed the corticosterone levels (nadir and zenith) presented in the animals’ serum was used a 
Paired t-test. 
Normality was measured using the Kolmogorov-Smirnov and Shapiro-Wilk statistical tests and 
taking into account the respective histograms and measures of skewness and kurtosis. Equality of 
variances and Sphericity were measured using the Levene’s and Mauchly’s tests, respectively, and was 
assumed when p>0.05. Multiple comparisons between groups were accomplished through the 
Bonferroni statistical test.  
Gene Primer sequence Product size (bp) 
HSPCB 





Forward 5’- CCTGCAATGACCTCTCCATT -3’ 
Reverse 5’-  CAGGAGGCGGTAGAACTCAA-3’ 
89 
DNMT3b 
Forward 5’- TGGTGATTGGTGGAAGCC -3’ 
Reverse 5’-  AATGGACGGTTGTCGCC -3’ 
145 
TET1 
Forward 5’- CCATTCTCACAAGGACATTCACA -3’ 
Reverse 5’- GCAGGACGTGGAGTTGTTCA -3’ 
116 
TET2 
Forward 5’- GCCATTCTCAGGAGTCACTGC -3’ 
Reverse 5’- ACTTCTCGATTGTCTTCTCTATTGAGG -3’ 
120 
TET3 
Forward 5’- GGTCACAGCCTGCATGGACT-3’ 





 Values were accepted as significant if the p-value was higher than 0.05 and all results were 
expressed as group mean ± SEM (standard error of the mean). Effect size was calculated using the 











Figure 9. Experimental design 
(A) Timeline of the experimental procedures 
performed to assess the impact of AP2γ 
deletion in the developmental milestones; (B) 
Timeline of the experimental procedures 
performed to study the impact of the 
transcription factor AP2γ on the behavior of 
juvenile mice; (C, D) Functional impact of the 
transcription factor AP2γ in Depression, in 
both constitutive and conditional AP2γ KO 
models; (E) Histological procedures 














































































4.1. Functional impact of the transcription factor AP2γ in the neurodevelopment  
 
4.1.1. Developmental milestones assessment 
 The results of the different behavioral parameters analyzed are presented as the average of 
three independent experimental sets and summarized in Figure 10 and Table 13-14 (presented as the 
average of day of mature response within the 21 days of the milestones protocol).  
 
 Somatic Parameters 
 When evaluating the general body weight and anogenital distance throughout the 21 days of 
the milestones protocol no differences where found between genotypes (Figure 10A-B and Table 13). 
Another hallmark for somatic development is the day of eye opening and for that we had constitutively 
registered the state of eyes opening until both eyes were found opened. We found that AP2γ+/- animals 
opened both of their eyes around one day earlier than the WT group (AP2γ+/- animals group opened both 
of their eyes around PND11 and the WT group around PND12) (Figure 10C and Table 13). 
Table 13. Summary of body weight and anogenital distance throughout the 21 days of the milestones 
protocol and eye opening day 
 Data presented as mean ± SEM. In grey shading is the somatic parameter where differences between groups were 
observed. 
Milestones test WT AP2γ+/- 
Statistical test, significance, 
effect size 
Weight 
Day 1 1.62 ± 0.07 1.57 ± 0.09 
F(1,16)=0.32, p=0.58, η2partial=0.019 
Day 2 1.83 ± 0,10 1,97 ± 0.17 
Day 3 2.16 ±  0.14 2,37 ± 0.14 
Day 4 2.59 ± 0.19 2,79 ± 0.16 
Day 5 3.07 ± 0.25 3,20 ± 0.15 
Day 6 3.56 ± 0.27 7,60 ± 0.14 
Day 7 4,03 ± 0.45 4,36 ± 0.19 
Day 8 4,58 ± 0.47 5,00 ± 0.14 
Day 9 5,16 ± 0,46 5,43 ± 0.14 
Day 10 5,81 ± 0,38 5,97 ± 0.13 
Day 11 6,43 ± 0.36 6,59 ± 0.11 
Day 12 7,00 ± 0.42 7,20 ± 0.12 
Day 13 7,41 ± 0.42 7,66 ± 0.14 
Day 14 8,02 ± 0.35 8,08 ± 0.15 
Day 15 8,35 ± 0.32 8,41 ± 0.03 
Day 16 8,52 ± 0.36 8,58 ± 0.15 
Day 17 8,62 ± 0.40 8,58 ± 0.14 
Day 18 8,60 ± 0.46 8,73 ± 0.13 
 Day 19 8,60 ± 0.50 8,89 ± 0.12 
 Day 20 8,68 ± 0.50 9,09 ± 0.15 









Day 4 0.80 ± 0.07 0.80 ± 0.1 
F(1,16)=0.87, p=0.37, η2partial=0.051 
Day 5 0.72 ± 0.05 0.82 ± 0.05 
Day 6 0.71 ± 0.06 0.73 ± 0.04 
Day 7 0.76 ± 0.11 0.73 ± 0.03 
Day 8 0.76 ± 0.09 0.73 ± 0.25 
Day 9 0.72 ± 0.08 0.73 ± 0.02 
Day 10 0.70 ± 0.03 0.76 ± 0.02 
Day 11 0.70 ± 0.22 0.74 ± 0.15 
Day 12 0.65 ± 0.02 0.67 ± 0.01 
Day 13 0.65 ± 0.02 0.67 ± 0.01 
Day 14 0.64 ± 0.02 0.65 ± 0.01 
Day 15 0.64 ± 0.02 0.68 ± 0.01 
Day 16 0.64 ± 0.02 0.68 ± 0.01 
Day 17 0.64 ± 0.02 0.70 ± 0.01 
Day 18 0.67 ± 0.03 0.71 ± 0.01 
Day 19 0.69 ± 0.03 0.71 ± 0.01 
Day 20 0.72 ± 0.02 0.72 ± 0.01 
 Day 21 0.72 ± 0.02 0.72 ± 0.01 
Eye opening 12.38 ± 0.18 11.33 ± 0.17 t(15)= 4.22, p= 0.0007, Cohen’s d= 2.06 
 
Neurobiological reflexes 
 In the parameters examined to evaluate the physical maturation of motor reflexes, coordination 
and strength needed for motor skills no major differences were observed in surface righting, cliff 
aversion and air righting tests (Figure 10D, F-G and Table 14). However, in the negative geotaxis test 
the AP2γ+/- group seems to acquire the mature response later than the WT group, with the mature 
response of the first group around 1.3 days later than the WT (Figure 10E and Table 14).  
 Regarding the evaluation of postural reflex, meaning the posture that animals present when 
they are gently shacked, no impairments were found between groups, with all animals exhibiting the 
mature response around PND9 (Figure 10H and Table 14). The same results were observed for the 
more specific tests used to assess reflexes, namely rooting, ear twitch, auditory startle and grasping 
where all animals regardless of genotype achieved a mature response around PND7, PND16, PND9 
and PND8 respectively (Figure 10I-L and Table 14).  
 In the wire suspension test, which is used for strength measurements, we found that AP2γ+/- 
animals acquire the mature response earlier than the WT group, appearing it around 2.3 days later 
than the WT group (Figure 10M and Table 14). As for the tests specifically used for motor coordination 
assessment, namely walking and open field, no differences were found between genotypes, with an 









Figure 10. The constitutive deletion of one allele of AP2γ impact on the milestones development and 
maturity. 
Using a set of established tests used to evaluate both somatic and neurologic parameters acquisition, from PND0 until 
PND21, AP2γ+/- animals were found to have an anticipated eye opening (C) day, and also an anticipated mature response in 
the strength test wire suspension (M). Through the milestones protocol it was also possible to unveil a delayed mature 
response of the AP2γ+/- group in the negative geotaxis test (E). All tests are presented as the average day of mature activity 



































































































































































































































































































































































































































Through the homing test (Figure 10P and Table 14), which was performed at PND12, it was 
not possible to observe any major impairment between groups, suggesting that there were no olfactory 
and motor deficits in these animals, in both genotypes.  
 
Table 14. Summary of the average days of mature response obtained in each genotype during the 
neurobiological reflexes milestones assessment.  
Data presented as mean ± SEM. In grey shading are the tests where it was observable differences between groups. 
Milestones test WT AP2γ+/- 
Statistical test, significance, 
effect size 
Surface righting 5.9 ± 0.44 7.0 ± 0.49 t(20)= 1.79, p=0.09, Cohen’s d= 0.76 
Negative geotaxis 8.0 ± 0.22 9.3 ± 0.37 t(13)= 2.83, p=0.01, Cohen’s d= 1.49 
Cliff aversion 7.7 ± 0.61 6.0 ± 0.58 t(13)= 2.83, p=0.01, Cohen’s d= 1.09 
Air righting 11.9 ± 0.73 10.8 ± 0.60 t(13)= 2.83, p=0.01, Cohen’s d= 0.55 
Postural reflex 9.4 ± 0.80 8.6 ± 0.34 t(13)= 2.83, p=0.01, Cohen’s d= 0.47 
Rooting 6.9 ± 0.56 7.6 ± 0.47 t(13)= 2.83, p=0.01, Cohen’s d= 0.43 
Ear twitch 8.4 ± 0.60 9.0 ± 0.33 t(13)= 2.83, p=0.01, Cohen’s d= 0.46 
Auditory startle 7.6 ± 0.26 7.6 ± 0.38 t(13)= 2.83, p=0.01, Cohen’s d= 0 
Grasping 16.4 ± 0.75 15.4 ± 0.75 t(13)= 2.83, p=0.01, Cohen’s d= 0.43 
Wire suspension 13.1 ± 0.58 10.8 ± 0.37 t(13)= 2.83, p=0.01, Cohen’s d= 1.73 
Walking 10.3 ± 0.62 10.1 ± 0.58 t(13)= 2.83, p=0.01, Cohen’s d= 0.11 
Open field 8.4 ± 0.26 8.1 ± 0.13 t(13)= 2.83, p=0.01, Cohen’s d= 0.43 
Homing 
Trial 1 6.89 ± 0.44 6.89 ± 1.32 
F(1,16)=0.11, p=0.74, η2partial= 0.007 Trial 2 6.33 ± 1.12 6.89 ± 1.12 
Trial 3 5.22 ± 1.57 5.78 ± 1.57 
 
4.1.2. The transcription factor AP2γ impact on behavior of juvenile mice 
 To understand if the transcription factor AP2γ could have an impact on the juvenile behavior, 
we used a set of established behavioral tests in animals with age between PND25 and PND31. We 
started the juvenile behavior characterization by evaluating if AP2γ transcription factor has an impact on 
anxious-like behavior through the OF test. Although it is not described as a classical test for anxiety, the 
OF test can also be used as an indicator of possible anxious-like behavioral states of rodents, by 
evaluating the ratio of time spent and distanced traveled in the center versus the periphery of the arena 
(Prut and Belzung 2003). With this test, it was possible to observe that the AP2γ+/- mice traveled lower 
distances (Figure 11A and Table 15) and spent less time in the center of the arena (Figure 11B and 
Table 15) suggesting higher anxiety levels when compared to the WT group. Furthermore, it was 
possible to evaluate locomotor activity, measured as the average velocity of mice during the execution 
of the test, which did not differ between WT and AP2γ+/- mice (Figure 11C and Table 15), thus validating 




that the AP2γ+/- mice were less willing to explore the arena as they showed higher percentage of time in 
resting state (Figure 11D and Table 15) and presented a lower total distance traveled (Figure 11E and 
Table 15). Then we assessed if in basal conditions there are any signs of susceptibility to behavioral 
despair, through the TST. We did not found any differences between the two groups in the percentage 
of time that mice stay immobile during the test (Figure 11F and Table 15), suggesting the absence of 
depressive-like symptoms in AP2γ+/-  juvenile mice. Also in the splash test we did not found differences 
between groups in the time that the animals spent grooming (Figure 11G and Table 15) after applying a 
sucrose solution to their coat, indicating that AP2γ+/- juvenile mice do not present core alterations 
regarding motivational self-care.  
 
Table  15. Statistical analysis of the juvenile behavior tests.  





Behavioral Test WT AP2γ+/- 
Statistical test, significance, 
effect size 
OF 
Distance traveled center (%) 3.152 ± 0.60 0.77 ± 0.55 t(19)= 2.29, p=0.03, Cohen’s d= 1.35 
Time in center (%) 6.651 ± 1.34 3.01 ± 0.98 t(19)= 2.06, p=0.06, Cohen’s d= 1.26 
Average velocity (cm.s-1) 56.95 ± 1.73 60.10  ± 2.34 t(19)= 1.01, p=0.28, Cohen’s d= 0.82 
Time in resting state (%) 82.87 ± 0.94 86.28 ± 1.04 t(19)= 0.18, p=0.03, Cohen’s d= 1.13 
Total distance (cm) 3799 ± 514.3 1645 ± 589.7 t(19)= 2.73, p=0.01, Cohen’s d= 1.19 
TST Immobility time (%) 51.01 ± 5.88 49.70 ± 4.53 t(19)= 0.18, p=0.86, Cohen’s d= 0.066 
Splash 
test 
Time grooming (%) 76.86 ± 3.19 78.00 ± 5.67 t(10)= 0.19, p=0.85, Cohen’s d= 0.106 
Juvenile Behavior Assessment 





































































4.1.3. The transcription factor AP2γ impact on hippocampal glutamatergic 
neurogenesis in juvenile mice 
 In previous studies from the group hippocampal dentate gyrus (DG) cell proliferation and 
glutamatergic neurogenesis in the brain of AP2γ+/- adult mice was already characterized. However, it 
was not analyzed if these effects in the adult mice promoted by deletion of AP2γ are indeed specifically 
observed at adult stages, or if during the developmental and maturity stages there is already an effect of 
the constitutive deletion of one allele of the AP2γ gene in the hippocampal neurogenesis.  
To comprehend if the reduced expression of AP2γ could have already an impact on 
hippocampal glutamatergic neurogenesis during development and maturity stages, we injected juvenile 
animals with BrdU and sacrificed them 24h later (at PND31), allowing us, through immunostaining, to 
assess the proliferation of progenitor cells and newborn neurons (neuroblasts expressing doublecortin – 


























































Tail Suspension Test: Splash Test: 
F G 
Figure 11. The impact of the constitutive deletion of one allele of AP2γ in the emotional and mood 
behavioral dimension of juvenile mice. 
Using a set of established behavioral tests, it was possible to assess anxiety, mood, and motivational care in juvenile mice 
from PND25 to PND31. Through the OF test we observed that AP2γ+/- showed a higher anxiety level, since they traveled 
lower distances and spent less time in the center of the arena (A-B). No locomotor deficits were found between groups 
(C), but the AP2γ+/- mice were less willing to explore the arena since they spent an higher period in resting state (D) and 
had a lower distance traveled (E). In the TST (F) and in the Splash test (G) no differences were found between groups 
suggesting that in basal state AP2γ+/- mice do not display depressive-like symptoms. (OF and TST: nWT= 12 ; nAP2γ+/-= 9 ; 




differences between groups, although the proliferation values of AP2γ+/- animals were slightly reduced 
(Figure 12B, Table 16). 
In addition, we analyzed proliferation of neuroblasts with double staining for BrdU and DCX, 
revealing a significant difference between WT and AP2γ+/- animals. In AP2γ+/- mice, a decreased 
proliferation of neuroblasts was observed as shown by the reduced number of double-positive 
BrdU/DCX cells, when compared to the WT control group (Figure 12C, Table 16). 
These differences in neuronal proliferation observed in juvenile animals with constitutive 
deletion of one allele of AP2γ in comparison to the WT animals confirm the involvement of this 
transcription factor in the modulation of post-natal glutamatergic neurogenesis (in the healthy brain) 
already during development and maturity of these animals. 
 
Table 16. Statistical analysis of the post-natal glutamatergic neurogenesis of juvenile animals.  
Data presented as mean ± SEM. In grey shading is the cell-count where it was possible to observe differences between 
groups. 
Markers WT AP2γ 
Statistical test, significance, 
effect size 
BrdU single-positive cells 194.3 ± 15.42 123.1 ± 22.27 t(3)= 2.63, p=0.12, Cohen’s d= 2.63 
BrdU/DCX double positive cells 123.6 ± 15.83 49.27 ± 6.94 t(3)= 4.30, p=0.05, Cohen’s d= 4.30 
 
 




































4.2. Functional impact of the transcription factor AP2γ in Depression 
 
4.2.1. Validation of the uCMS model of depression 
 In order to validate the uCMS protocol implemented in this study we used two major measures 
to control its efficacy. Throughout the six weeks of the uCMS protocol we controlled the animals’ weight 
weekly to perceive if the animals from control and uCMS groups were showing different body mass 
gains. It was possible to observe in both constitutive (Figure 13A and Table 17) and conditional (Figure 
13A and Table 18) KO animal models that the uCMS protocol was producing different effects when 
comparing the control and uCMS groups, in which the first group was gaining and maintaining the 
gained weight, and the second one was first loosing weight and maintaining the weight lost throughout 
the six weeks of the stress protocol. The genotype variable did not impact the weight gain or loss in 
both animal models (Supplementary figures 1 and 2). Since this gain/loss weight measure is not 
sufficient to fully understand and validate if the uCMS protocol was efficient in inducing core symptoms 
















































Double BrDU/DCX positive cells
*
C 
Figure 12. Impact of the constitutive deletion of one allele of AP2γ in the post-natal hippocampal glutamatergic 
neurogenesis of juvenile animals. 
Hippocampal sections were immunostained for BrdU and DCX (A). Immature neurons (neuroblasts) are identified as BrdU 
and DCX double-positive cells (white arrows), whereas the remaining proliferative cells are single-BrdU positive cells (yellow 
arrow). Global proliferation (total BrdU positive cells/per area of DG) have been determined (B) as well as the proliferation 
of neuroblasts (total double positive BrdU/DCX cells/per area of DG) in the complete DG (C). (nWT = 3; nAP2γ+/- = 3; Data 





uCMS exposure is known to disrupt the hypothalamic-pituitary-adrenal (HPA) axis (Ottenweller 
et al. 1994), and therefore the measurement of corticosterone (produced by the adrenals) levels in 
blood provides a correlate of the stress-level in the tested animals (Sousa et al. 1998; Ventura-Silva et 
al. 2013; Patricio et al. 2015). Knowing that control animals display a corticosterone peak at diurnal 
zenith (night time, peak levels) (D'Agostino et al. 1982), which is affected in animals exposed to chronic 
stress, we measured the levels of corticosterone at the end of the uCMS protocol (6th week) both at 
nadir (day time, basal) and zenith. It was possible to notice that both constitutive (Figure 13B and Table 
17) and conditional (Figure 14B and Table 18) control groups maintained a normal circadian rhythm of 
corticosterone secretion, since there is a significantly peak of corticosterone at the zenith time-point. 
The uCMS exposed-groups showed a disruption of the HPA axis by presenting a significantly higher 
nadir levels of corticosterone than the control groups, and no circadian regulation, as there are no 
differences between nadir and zenith in both constitutive (Figure 13B and Table 17) and conditional 






Validation of the uCMS model of depression  in the constitutive AP2γ KO animal model 











































Weight gainA B 
Figure 13. Validation of the uCMS model of depression in the constitutive AP2γ KO animal model. 
Using the percentage of weight gain (A) throughout the six weeks of the uCMS protocol, and the corticosterone (B) 
levels measured in the animals’ serum between 8:00 and 9:00 (basal levels; nadir) and between 20:00 and 21:00 
(peak levels; zenith) at the 6th week of the uCMS protocol it was possible to confirm its efficacy. (Weight gain: nControls=15, 






Table 17. Statistical analysis of the parameters used to validate the uCMS protocol in the constitutive KO 
animal model.  






Validation of the uCMS model of depression in the conditional AP2γ KO animal model 
Test 
Control uCMS 
Statistical test, significance, effect size 
WT AP2γ+/- WT AP2γ+/- 
Weight 
W1 -1.87 ± 0.51 -7.6 ± 0.39 
F(1,28)=2.15, p< 0.0001, 
η2partial= 0.528 
W2 1.33 ± 0.91 -4.4 ± 0.84 
W3 6.73 ± 1.35 -2.27 ± 1.44 
W4 5.07 ± 1.27 -3.6 ± 1.57 
W5 10.40 ± 1.30 1.47 ± 1.67 













































































































Figure 14. Validation of the uCMS model of depression in the conditional AP2γ KO animal model. 
Using the percentage of weight gain (A) throughout the six weeks of the uCMS protocol, and the corticosterone (B) levels 
measured in the animals’ serum between 8:00 and 9:00 (basal levels; nadir) and between 20:00 and 21:00 (peak levels; 
zenith) it was possible to confirm the efficacy of the uCMS protocol. [Weigh gain: nControls=17, n uCMS=18; Corticosterone levels: 




Table 18. Statistical analysis of the parameters used to validate the uCMS protocol in the conditional KO 
animal model.  
Data presented as mean ± SEM. In grey shading are the tests were it was observable differences between the variables. 
Abbreviations: Week(W). 
 
4.2.2. Assessment of the behavior dimensions affected by the uCMS protocol 
 In previous studies from the group it was already confirmed the importance of AP2γ 
transcription factor in the modulation of adult hippocampal glutamatergic neurogenesis, playing an 
important role in hippocampal proliferation and neuronal differentiation through reciprocal interactions 
with transcriptional regulators of glutamatergic neurogenesis (Mateus-Pinheiro et al. 2016). In this 
master thesis work, once again, we demonstrated the modulatory action of AP2γ on glutamatergic 
neurogenesis through the results in juvenile mice (Figure 12). Taking this in consideration, we aimed to 
assess if AP2γ could have a functional role in neurogenesis-related neuropathological contexts, namely 
depression. Therefore, we submitted both constitutive and conditional AP2γ KO animal models to an 
uCMS protocol during 6 weeks and assessed the impact of chronic stress exposure using different 
behavioral tests and paradigms. 
 uCMS exposure typically produces deficits in three behavioral dimensions that are commonly 
affected in depression – anxiety, mood and cognition (Bessa et al. 2009b). Thus, a multidimensional 
behavioral analysis was performed in this work. We started by assessing the anxiety dimension through 
the OF and the EPM tests. In the first behavioral test to evaluate anxiety-like traits we found similar 
results in both constitutive and conditional AP2γ KO animal models. It was possible to observe in both 
models a susceptibility of control AP2γ KO groups (AP2γ+/- and cAP2γ-/-) to display anxious-like behavior 
Test 
Control uCMS 
Statistical test, significance, effect size 
cAP2γ+/+ cAP2γ-/- cAP2γ+/+ cAP2γ-/- 
Weight 
W1 0.09 ± 0.67 -4.13 ± 0.70 
F(1,36)=2.98, p< 0.0001, 
η2partial= 0.63 
W2 2.85 ± 0.79 -2.64 ± 0.82 
W3 3.85 ± 0.79 -4.27 ± 0.66 
W4 8.67 ± 1.17 -1.73 ± 0.66 
W5 8.04 ± 1.06 -3.68 ± 0.66 


































































since both groups show a lower distance traveled in the center of the OF arena (Figure 15A and 16A, 
Table 19 and 20). Although not reaching statistical difference in the conditional KO animal model, it 
was possible to note also that the control KO animals have a lower percentage of time spent in the 
center of the arena when compared to the respective control groups (WT and cAP2γ+/+). In the 
constitutive AP2γ KO animal model it was not possible to observe statistical differences between control 
and uCMS groups. However, in this model we observed a tendency of WT uCMS animals to travel 
smaller distances (Figure 15A, Table 19), and to spend less time in the center of the arena (Figure 
15B, Table 19) when compared to the control WT group. In the conditional AP2γ KO model, statistical 
differences were found between the control cAP2γ+/+ and the uCMS cAP2γ+/+ groups in the distance 
traveled and in the percentage of  time spent in the center of the arena (Figure 16AB, Table 20), 
suggesting increased anxiety levels upon stress exposure. In both models it was not possible to observe 
differences between the control and the uCMS AP2γ KO groups (AP2γ+/- and cAP2γ-/-) (Figure 15AB and 
16AB, Table 19 and 20). Furthermore, through the OF test we assessed locomotor activity, measured 
as the average velocity (Figure 15C and 16C, Table 19 and 20), and in both animal models no 
differences were found between the groups, thus validating subsequent behavioral tests that relay on 
locomotor activity. 
In the EPM test no predisposition to an anxious-like behavior was found between the control 
groups, since in both animal models no differences were unveiled between the control groups (control 
WT/AP2γ+/- and control cAP2γ+/+/cAP2γ-/-) (Figure 15D and 16D, Table 19 and 20). However, WT and 
AP2γ+/- uCMS groups, from the constitutive model, spent a higher percentage of time in the closed 
arms, when compared to the respective control situations (Figure 15D, Table 19). More so, the 
conditional cAP2γ+/+ uCMS group showed an higher percentage of time spent in the closed arms of the 
EPM apparatus, when compared to the cAP2γ+/+ control group (Figure 16D, Table 20).  
Considering the behavioral output provided together by the OF and the EPM tests, the 
employed uCMS protocol had impact on the anxiety levels of both mice strains analyzed. Notably, in 
these two behavioral tests, different trends regarding the control situations were observed, since in the 
OF test we could evidentiate an anxious-like behavior in the AP2γ KO groups, which was not the case in 
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Figure 15. Impact of the constitutive deletion of one allele of AP2γ in the anxiety and mood behavioral 
dimensions of depression. 
After 6 weeks of uCMS, anxiety-like signs [Distance traveled in center arena (A) and Time in center (B)] and locomotor 
activity were assessed in the OF test. Anxiety behavior was determined in the EPM test (D), and learned helplessness was 




Table 19. Statistical analysis of the behavioral tests used to evaluate anxiety-like behavior and mood of the 
constitutive AP2γ KO animal model.  
Data presented as mean ± SEM. In grey shading are the tests were it was observable differences between the variables 
 
 
We next performed the FST and the TST to assess learned helplessness, a known depressive-
like symptom. With this two tests it was possible to evaluate the depressive-like state of the animals in 
behavioral paradigms. Although we did not perform the TST in the constitutive AP2γ KO animal model, 
it was possible to see in both models similar results in the FST. Here, both animal models displayed, no 
kind of predisposition to depressive-like behavior in the control groups, and chronic stress exposure 
impacted the WT and cAP2γ+/+ uCMS groups in the constitutive and conditional AP2γ models, since the 
immobility time is significantly higher in these groups, when compared to the respective control groups 
(Figure 15E and 16E, Table 19 and 20). However, this difference between control and uCMS was not 
obtained in both KO groups (AP2γ+/- and cAP2γ-/-; Figure 15E and 16E, Table 19 and 20). In the TST 
(Figure 16F, Table 20), which was only performed in the conditional AP2γ KO animal model, we did 
obtain the same conclusions, since an increased immobility time between the uCMS and control 
cAP2γ+/+ groups was observed. We did not observe differences between the KO groups from both 
constitutive and conditional animal models (AP2γ+/- and cAP2γ-/-). 
  
Test 
Control uCMS Statistical test, significance, 




3.24 ± 0.57 1.33 ±1.36 1.56 ± 0.83 0.77 ± 0.38 
Interaction Genotype vs uCMS: 
F(1,16)= 0.95, p=0.34, η2partial= 0.06 
Interaction Control vs uCMS: 
F(1,16)= 3.77, p=0.07, η2partial= 0.19 
Interaction WT vs AP2γ+/-: 
F(1,16)= 5,48, p=0.03, η2partial= 0.26 
Time in center 1.74 ± 0.33 0.69 ± 0.40 0.97 ± 0.31 0.47 ± 0.17 
Interaction Genotype vs uCMS: 
F(1,16)= 1.39, p=0.26, η2partial=0.08  
Interaction Control vs uCMS: 
F(1,16)= 4.50, p=0.04, η2partial=0.22  
Interaction WT vs AP2γ+/-: 
F(1,16)= 10.85, p=0.004, η2partial= 0.40 
Average velocity 
WT AP2γ+/- 
t27= 0.17, p=0.68, Cohen’s d= 0.25 63.45 ± 3.06 62.70 ± 2.99 
EPM 
Time in closed 
arms 
53.49 ± 6.88 51.68 ± 6.70 70.09 ± 4,70 72.02 ± 5.43 
Interaction Genotype vs uCMS: 
F(1,21)= 0.21, p=0.65, η2partial= 0.01 
Interaction Control vs uCMS: 
F(1,21)= 20.10, p<0.0001, η2partial= 0.49 
Interaction WT vs AP2γ+/-: 




44. 26 ± 3.07 45.63 ± 7.2 66.27 ± 5.71 48.23 ± 5.75 
Interaction Genotype vs uCMS: 
F(1,17)= 4.12, p=0.06, η2partial= 0.20 
Interaction Control vs uCMS: 
F(1,17)= 6.62, p=0.02, η2partial= 0.28 
Interaction WT vs AP2γ+/-: 


































































































































Figure 16. Impact of the conditional deletion of one allele of AP2γ in the anxiety and mood behavioral 
dimensions of depression. 
After 6 weeks of uCMS, anxiety-like signs [Distance traveled in center arena (A) and Time in center (B)] and locomotor activity 
were assessed in the OF test. Anxiety behavior was determined in the EPM test (D), and learned helplessness was evaluated by 




Table 20. Statistical analysis of the behavioral tests used to evaluate anxiety and mood dimension of the 
conditional AP2γ KO animal model.  
Data presented as mean ± SEM. In grey shading are the tests were it was observable the differences between variable 
 
Next, we assessed the impact of AP2γ deletion in different cognitive domains in both 
constitutive and conditional animal models. We first performed different water maze paradigms, 
beginning with the evaluation of the working memory task, in which we observed the detrimental effects 
of chronic stress exposure in the uCMS WT animals, since this group showed a significant delay to 
reach the platform along the four trials of testing, when compared to the respective WT control group 
(Figure 17A, Table 21). However, it was not possible to see the same effect of chronic stress exposures 
on the AP2γ+/- animals, as both WT and AP2γ+/- control groups presented similar performances in this 
behavioral paradigm. In the conditional AP2γ model, no differences were found in the working memory 
task between genotypes, and stress exposure did not induce any deleterious on the conditional KO 
animals (Figure 18A, Table 22). In the spatial reference memory task, which relies on the integrity of 
hippocampal function, the control AP2γ KO groups (AP2γ+/- and cAP2γ-/-) did not display reference 
memory deficits in comparison to the respective control WT groups (WT and cAP2γ+/+) (Figure 17B and 
Test 
Control uCMS Statistical test, significance, 
effect size cAP2γ+/+ cAP2γ-/- cAP2γ+/+ cAP2γ-/- 
OF 
Distance traveled 
center 7.05 ± 0.97 1.01 ± 0.75 1.85 ± 0.51 1.26 ± 0.55 
Interaction Genotype vs uCMS: 
F(1,36)= 6.1, p=0.018, η2partial= 0.15 
Interaction Control vs uCMS: 
F(1,36)= 5.04, p=0.03, η2partial= 0.12 
Interaction WT vs AP2γ+/-: 
F(1,36)= 8.98, p=0.005, η2partial= 0.20 
Time in center 2.26 ± 1.06 0.77 ± 0.36 0.87 ± 0.18 0.99 ± 0.79 
Interaction Genotype vs uCMS: 
F(1,36)= 4.40, p=0.05, η2partial=0.155 
Interaction Control vs uCMS: 
F(1,36)= 2.29, p=0.14, η2partial=0.09 
Interaction WT vs AP2γ+/-: 
F(1,36)= 3.19, p=0.08, η2partial= 0.12 
Average velocity 
WT AP2γ+/- 
t16= 0.96, p=0.35, Cohen’s d= 0.08 61.08 ± 2.06 65.6 ± 5.5 
EPM Time in closed arms 60.36 ± 5.33 70.49 ± 13.58 83.63 ± 6.85 78.39 ± 8.19 
Interaction Genotype vs uCMS: 
F(1,28)= 1.09, p=0.31, η2partial= 0.042 
Interaction Control vs uCMS: 
F(1,28)= 4.48, p=0.04, η2partial= 0.004 
Interaction WT vs AP2γ+/-: 
F(1,28)= 0.11, p=0.74, η2partial= 0.001 
FST Time of immobility 11.60 ± 1.62 14.30 ± 1.25 21.02 ± 2.24 18.38 ± 2.91 
Interaction Genotype vs uCMS: 
F(1,33)= 1.29, p=0.26, η2partial= 0.04 
Interaction Control vs uCMS: 
F(1,33)= 8.28, p=0.007, η2partial= 0.20 
Interaction WT vs AP2γ+/-: 
F(1,33)= 0.00009, p=, η2partial= 0.000003 
TST Time of immobility 56.90 ± 3.01 67.00 ± 3.77 69.85 ± 3.30 69.23 ± 5.05 
Interaction Genotype vs uCMS: 
F(1,33)= 1.59, p=0.22, η2partial= 0.20 
Interaction Control vs uCMS: 
F(1,33)= 3.19, p=0.04, η2partial= 0.28 
Interaction WT vs AP2γ+/-: 




18B, Table 21 and 22). Strikingly, in the constitutive animal model, upon uCMS exposure, WT animals 
developed significant impairment in this cognitive dimension whereas AP2γ+/- mice proved to be resilient 
to this deleterious effect of stress. In the conditional AP2γ KO model no differences were found between 
control and uCMS groups, suggesting that the chronic stress did not impact as much as in the 
constitutive KO animals, in this specific behavioral paradigm. Also through water maze paradigms, we 
performed the behavioral flexibility task, in which AP2γ+/- control animals displayed lower percentage of 
time spent in the new quadrant when compared to the WT control mice (Figure 17C, Table 21). 
Although barely failing to reach statistical difference, we could see the same tendency in the conditional 
KO animal model in which cAP2γ-/- presented lower percentage of time in the new quadrant when 
compared to the cAP2γ+/+ control group (Figure 18C, Table 22). Regarding the deleterious effect of 
stress in the reversal learning task, no differences were found between control and uCMS groups in the 
constitutive model. However, in the conditional model, chronic stress induced detrimental effects on the 
cAP2γ+/+ uCMS animals, and interestingly this result was not observed between the cAP2y-/- groups. 
After evaluating the cognitive behavioral dimension with the different water maze paradigms, we 
performed a cognitive test described to be sensitive to neurogenesis impairments, the CFC (Gu et al. 
2012). In this test, both animal models were submitted to a context probe, aimed to test hippocampal-
dependent memory, and a light-cued probe, designed to evaluate the integrity of extra-hippocampal 
memory circuits. In the context probe (context A), it was possible to observe in the constitutive AP2γ KO 
model that AP2γ+/- control group displayed a reduction in the percentage of time freezing when exposed 
to a familiar context (Figure 17D and Table 21). However, the same outcome was not observed in the 
cAP2γ-/- control, since no differences where found between this group and the cAP2γ+/+ control group 
(Figure 18D and Table 22). The detrimental effects of uCMS exposure were shown by the reduced time 
freezing of both constitutive WT uCMS and the conditional cAP2γ+/+ animals, when compared to the 
respective controls (Figure 17D and 18D, Table 21 and 22). Although not reaching statistical difference, 
it was also possible to see a clear tendency of cAP2γ-/-  uCMS mice to present a reduction in the 
percentage of time freezing when compared to the control group.  
In a second task, switching to a new environment (context B), promoted a decrease in the time 
freezing in all groups from both constitutive and conditional AP2γ KO animal models (Figure 17E and 
18E, Table 21 and 22). In the light probe, once again, all groups presented similar responses to the 
light cue, in both models (Figure 17F and 18F, Table 21 and 22). Overall, these CFC results show that 




memory which is exacerbated by the chronic stress exposure, while preserving associative non-
hippocampal dependent memory in both control and uCMS situations.   
 
Table 21. Statistical analysis of the behavioral tests used to evaluate the cognitive dimension of the 
constitutive AP2γ KO animal model.  
Data presented as mean ± SEM. In grey shading are the tests were it was observable differences between variables. 










Control uCMS Statistical test, significance, 






T1 78.79 ± 4.29 95.25 ± 10.56 112.04 ± 4.66 89.00 ± 10.05 
F(1,17)=14.37, p<0.001, 
η2partial= 0.72 
T2 68.23 ± 9.64 83.31 ± 4.75 107.83 ± 2.86 88.40 ± 8.12 
T3 58.04 ± 7.58 78.75 ±10.73 108.4 ± 10.07 83.50 ± 8.05 




D1 107.2 ± 7.09 108.75 ± 6.88 105.79 ± 5.20 68.18 ± 11.28 
F(1,17)=12.37, p<0.001, 
η2partial= 0.69 
D2 54,00 ± 11.33 91.65 ± 9.06 117.13 ± 4.07 75.19 ± 17.20 
D3 40.83 ± 6.33 55.75 ± 9.40 100.6 ± 15.97 37.82 ± 14.56 
D4 28.37 ± 4.66 58.2 ± 9.48 109.0 ± 11.31 74.00 ± 23.23 
Behavioral flexibility 28.33 ± 4.08 14.71 ± 1.47 23.27 ± 2.03 27.32± 2.16 
Interaction Genotype vs uCMS: 
F(1,17)= 9.92, p=0.007, η2partial= 0.18 
Interaction Control vs uCMS: 
F(1,17)= 1.36, p=0.24, η2partial= 0.12 
Interaction WT vs AP2γ+/-: 
F(1,17)= 3.95, p=0.05, η2partial= 0.43 
CFC 
Context probe 
(context A) 73.56 ± 7.60 53.17 ± 9.25 57.38 ± 4.97 68.37 ± 2.41 
Interaction Genotype vs uCMS: 
F(1,19)= 15.32, p=0.001, η2partial= 0.45 
Interaction Control vs uCMS: 
F(1,19)= 0.02, p=0.90, η2partial= 0.12 
Interaction WT vs AP2γ+/-: 
F(1,19)= 1.37, p=0.26, η2partial= 0.20 
Context probe 
(context B) 
59.24 ± 6.59 36.51 ± 14.4 32.74 ± 6.94 47.86 ± 6.18 
Interaction Genotype vs uCMS: 
F(1,19)= 6.4, p=0.018, η2partial= 0.02 
Interaction Control vs uCMS: 
F(1,19)= 1.02, p=0.03, η2partial= 0.32 
Interaction WT vs AP2γ+/-: 
F(1,19)= 8.98, p=0.005, η2partial= 0.62 
Cue probe    
(context B) 
76.38 ± 6.24 61.52 ± 10.65 61.52 ± 7.56 90.26± 4.86 
Interaction Genotype vs uCMS: 
F(1,19)= 15.51, p=0.08, η2partial=0.46 
Interaction Control vs uCMS: 
F(1,19)= 1.57, p=0.23, η2partial= 0.08 
Interaction WT vs AP2γ+/-: 



















Constitutive AP2γ KO animal model – AP2γ transcription factor impact in the cognitive 

















Context probe (Context B)
Water maze tests: 

































































































































Figure 17. Impact of the constitutive deletion of one allele of AP2γ in the cognitive behavioral dimension of 
depression. 
We started our cognitive dimension assessment by the water maze tests, in which we evaluated working memory (A), spatial 
reference (B) and reversal learning (C) tasks. In addition, animals were tested in a CFC paradigm, in the context probe (D and E) 
and in the cue probe (F). (Control: nWT= 8, nAP2γ+/-= 7 ; uCMS: nWT= 8, nAP2γ+/-=7; Data presented as mean ± SEM; *p<0.05, ***p<0.001; 





Figure 18. Impact of the conditional deletion of AP2γ in the cognitive behavioral dimension of depression. 
We started our cognitive dimension assessment by the water maze tests, in which we evaluated working memory (A), spatial 
reference (B) and reversal learning (C) tasks. In addition, animals were tested in a CFC paradigm, in the context probe (D 
and E) and in the cue probe (F). Controls: n cAP2γ+/+= 12, ncAP2γ-/-=5; uCMS: n cAP2γ+/+=12, nAP2γ-/-=8; Data presented as mean ± SEM; 
*p<0.05. 
  
Conditional AP2γ KO animal model – AP2γ transcription factor impact in the cognitive 























































































Water maze tests: 
Q4 Q1 
Q3 Q2 
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Table 22. Statistical analysis of the behavioral tests used to evaluate the cognitive dimension of the 
conditional AP2γ KO animal model.  
Data presented as mean ± SEM. In grey shading are the tests were it was observable differences between variables. 
Abbreviations: Trial (T), Day (D). 
 
4.3. AP2γ modulatory mechanisms of adult hippocampal neurogenesis in 
depressive-like animals 
  
 4.3.1. AP2γ impact on the protein levels of different transcription factors involved 
in the adult hippocampal neurogenic process 
 To assess the functional impact of AP2γ deletion in the hippocampal glutamatergic neurogenic 
process, we quantified the protein expression of different transcripts involved in the transcriptional 
network responsible for the formation of new glutamatergic neurons in the adult hippocampal niche. To 
quantify these transcripts, we used western-blot (WB) analysis in brain tissue containing the total DG 
sample from both constitutive and conditional AP2γ KO animal models. 
Test 
Control uCMS Statistical test, significance, 




T1 85.04 ± 5.03 78.31 ± 6.79 92.1 ± 8.02 86.94 ± 12.24 
F(1,30)=0.38, p=0.77, 
η2partial= 0.04 
T2 73.00 ± 5.25 90.44 ± 14.39 70.03 ± 3.94 88.40 ±6.01 
T3 70.72 ± 7.55 72.32 ± 5.19 65.3 ± 8.45 66.11 ± 7.42 




D1 96.19 ± 5.98 103.7 ± 24.74 102.3 ± 7.50 106.9 ± 6.97 
F(1,30)=2.98, p=0.08, 
η2partial= 0.263 
D2 57.17 ± 6.08 80.63 ± 23.52 77.28 ± 10.66 66.6 ± 15.34 
D3 51.60 ± 7.39 89.50 ± 23.45 69.97 ± 10.76 71.85 ± 10.77 
D4 55.65 ± 5.82 84.44 ± 19.04 76.41 ± 7.74 55.75 ± 11.94 
Behavioral flexibility 29.71 ± 2.24 21.20 ± 2.15 20.12 ± 2.75 19.58 ± 1.68 
Interaction Genotype vs uCMS: 
F(1,30)= 9.92, p=0.007, η2partial= 0.08 
Interaction Control vs uCMS: 
F(1,30)= 6.96, p=0.02, η2partial= 0.15 
Interaction WT vs AP2γ+/-: 
F(1,30)= 2.97, p=0.10, η2partial= 0.11 
CFC 
Context probe 
(context A) 80.52 ± 3.2 76.68 ± 3.3 60.39 ± 2.7 54.24 ± 3.2  
Interaction Genotype vs uCMS: 
F(1,30)= 0.05, p=0.82, η2partial= 0.002 
Interaction Control vs uCMS: 
F(1,30)= 17.8, p=0.014, η2partial= 0.38 
Interaction WT vs AP2γ+/-: 
F(1,30)= 0.98, p=0.33, η2partial= 0.03 
Context probe 
(context B) 
41.48 ± 4.44 49.86 ± 7.64 37.81 ± 6.03 53.31 ± 9.18 
Interaction Genotype vs uCMS: 
F(1,30)= 0.33, p=0.57, η2partial= 0.01 
Interaction Control vs uCMS: 
F(1,30)= 0.0001, p=0.99, η2partial= 0.0001 
Interaction WT vs AP2γ+/-: 
F(1,30)= 3.75, p=0.08, η2partial= 0.11 
Cue probe  
(context B) 
86.78 ± 5.35 87.76 ± 9.27 85.92 ± 5.28 78.75 ± 4.29 
Interaction Genotype vs uCMS: 
F(1,30)= 0.93, p=0.341, η2partial= 0.02 
Interaction Control vs uCMS: 
F(1,30)= 1.37, p=0.25, η2partial= 0.04 
Interaction WT vs AP2γ+/-: 




 We started by quantifying the protein levels in the DG of constitutive AP2γ KO mice (Figure 19, 
Table 23) in which we confirmed a significant reduction of AP2γ protein levels in both AP2γ+/- control 
and after uCMS exposure when compared to the WT control and uCMS WT groups, respectively. 
Regarding the quantification of protein levels of upstream regulators of AP2γ also involved in 
glutamatergic neurogenesis, such as Sox2 and Pax6, no differences were observed between WT and 
AP2γ+/- control groups. However, after the noxious chronic stress stimulus we found a bolstering of Sox2 
in both WT (which barely fails statistical difference) and AP2γ+/- uCMS groups. Interestingly, we observed 
that the constitutive KO group has an increase of these transcript. In the Pax6 upstream regulator of 
AP2γ, we observed a similar protein expression pattern, finding once again a bolstering of expression 
after uCMS exposure in the AP2γ+/- group, but no differences were seen between WT control and uCMS 
groups. Moreover, a significant difference among the uCMS groups was observed, with AP2γ+/- mice 
exposed to uCMS showing an increased expression of Pax6 when compared to the WT uCMS group. 
When we analyzed the expression of the downstream target of AP2γ, Tbr2 (expressed in intermediate 
progenitor cells of the adult hippocampus), the AP2γ+/- control group showed a lower expression of this 
transcript when compared to the control WT group, although not reaching statistical significance. After 
uCMS exposure, no differences were found among the WT groups. However, Tbr2 showed increased 
expression in the DG of AP2γ+/- mice exposed to uCMS in comparison to the control AP2γ+/- group. 
 After quantifying the protein expression of transcription factors involved in adult glutamatergic 
neurogenesis of the hippocampal DG in the constitutive AP2γ KO mice, we proceeded with analysis in 
the DG of conditional KO mice (Figure 20, Table 24). Although, in this part of the results, the WB 
analysis of this model is still not completed, since the uCMS groups only include 1-2 animals per group, 
we were already able to observe the impact of AP2γ in the protein levels of several transcription factors 
involved in adult glutamatergic neurogenesis. We were able to confirm a significant reduction of AP2γ 
protein levels in the hippocampal DG of cAP2γ-/- control mice. However, no differences were observed 
between the control and uCMS exposed animals, nor among the uCMS groups. Regarding upstream 
regulators of AP2γ, we measured the protein level of Pax6, which showed a significant decreased 
expression in the cAP2γ-/- group when compared to its control group. Moreover, no alterations were 
observed between control and uCMS groups in the quantification of Pax6 protein levels. In the DCX 
measurements, similarly to the Pax6 results, we observed a decreased expression in the cAP2γ-/- mice 
when compared to its control group, but also a bolstering of its expression in the uCMS cAP2γ-/- mice 
when compared to the control cAP2γ-/- group. We further performed protein quantification of Tbr2 in the 




compared to the control cAP2γ+/+ mice. Furthermore, uCMS exposure induced a reduction of Tbr2 



























AP2γ impact on the protein levels of different transcripts involved in adult 
glutamatergic neurogenesis in the depressed-like constitutive KO animal model 
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Figure 19. Western blot analysis of Sox2, AP2γ Pax6 and Tbr2 in adult hippocampal dentate gyrus of the 
constitutive AP2γ KO animals. 
Representative blots for each genotype and condition (A); Protein expression levels with optical density (O.D.) normalized to 
actin, for each protein assessed (B). (Control: nWT= 5, nAP2γ+/-= 5; uCMS: nWT= 3, nAP2γ+/-= 3; Data presented as mean ± SEM; 




Table 23. Statistical analysis of the western blots performed in the hippocampal dentate gyrus of AP2γ 
constitutive KO animals. 







Control uCMS Statistical test, significance, 
effect size WT AP2γ+/- WT AP2γ+/- 
Sox 2 Total DG 1.00 ± 0.24  1.41 ± 0.39  2.35 ± 0.83 7.67 ± 0.89  
Interaction Genotype vs uCMS: 
F(1,19)= 14.47, p=0.001, η2partial= 0.45 
Interaction Control vs uCMS: 
F(1,19)= 57.39, p=0.001, η2partial= 0.70 
Interaction WT vs AP2γ+/-: 
F(1,19)= 10.63, p=0.001, η2partial= 0.53 
Pax6 Total DG 1.00 ± 0.13 0.71 ± 0.14  0.67 ± 0.15 1.62 ± 0.31 
Interaction Genotype vs uCMS: 
F(1,20)= 9.81, p=0.005, η2partial= 0.33 
Interaction Control vs uCMS: 
F(1,20)= 2.15, p=0.16, η2partial= 0.10 
Interaction WT vs AP2γ+/-: 
F(1,20)= 2.78, p=0.11, η2partial= 0.12 
AP2γ Total DG 1.22 ± 0.16 0.66 ± 0.03  1.54 ± 0.24 0.67 ± 0.09 
Interaction Genotype vs uCMS: 
F(1,14)= 0.89, p=0.36, η2partial= 0.06 
Interaction Control vs uCMS: 
F(1,14)= 0.97, p=0.34, η2partial= 0.07 
Interaction WT vs AP2γ+/-: 
F(1,14)= 17.69, p=0.001, η2partial= 0.56 
Tbr2 Total DG 1.00 ± 0.17 0.46 ± 0.10  1.09 ± 0.25 1.98 ± 0.53 
Interaction Genotype vs uCMS: 
F(1,26)= 5.88, p=0.02, η2partial= 0.19 
Interaction Control vs uCMS: 
F(1,26)= 7.42, p=0.01, η2partial= 0.22 
Interaction WT vs AP2γ+/-: 
F(1,26)= 0.36, p=0.55, η2partial= 0.01 
AP2γ impact on the protein levels of different transcripts involved in the adult 
glutamatergic neurogenic process in the depressed conditional KO animal model 
















































 Figure 20. Western blot analysis of 
AP2γ, Pax6, DCX and Tbr2 in adult 
hippocampal dentate gyrus of the 
conditional AP2γ KO animals. 
Representative blots for each genotype 
and condition (A); Protein expression 
levels with optical density (O.D.) 
normalized to actin, for each protein 
assessed (B). (Control: ncAP2γ+/+= 5, ncAP2γ -/-= 
5; uCMS: ncAP2γ+/+= 1-2, ncAP2γ -/-= 2; Data 





Table 24. Statistical analysis of the western blots performed in the hippocampal dentate gyrus of AP2γ 
conditional KO animals. 
Data presented as mean ± SEM. In grey shading are the groups between each it was observable statistical difference. 
 
4.3.2. AP2γ transcription factor impact on epigenetic regulators of adult 
hippocampal glutamatergic neurogenesis  
 In this thesis we also started to assess epigenetic mechanisms that have been proposed to play 
crucial roles in adult glutamatergic neurogenesis, namely DNA methylation and demethylation 
mechanisms. Although until this point we do not have highly conclusive results, a broad analysis was 
possible to obtain.  
 We started an epigenetic characterization through a sensitive but general way of testing, by 
targeting specific known mediators of DNA methylation and demethylation in the AP2γ constitutive KO 
mice. DNA methylation was first evaluated through the quantification of DNMT3a and DNMT3b 
(enzymes involved in the chemical covalent addition of a methyl group to the fifth carbon in the cytosine 
pyrimidine ring) mRNA expression by quantitative real-time (qRT)-PCR in the dorsal and ventral DG 
samples. No differences were found in the expression of these two enzymes, both between genotypes 
and among control and uCMS conditions in the dorsal and ventral DG (Figure 21A-D; Table 26). 
However, when we assessed the DNA demethylation process through the quantification of the ten 
eleven translocation (TET) family of enzymes, which are largely responsible for the active DNA 
demethylation process, we could observe in the dorsal DG that all three enzymes (TET 1, TET 2 and 
 
Control uCMS Statistical test, significance, 
effect size cAP2γ+/+ cAP2γ-/- cAP2γ+/+ cAP2γ-/- 
DCX Total DG 1.00 ± 0.05 1.41 ± 0.05  0.84 ± 0.00 7.67 ± 0.16 
Interaction Genotype vs uCMS: 
F(1,15)= 20.54, p=0.0004, η2partial= 0.58 
Interaction Control vs uCMS: 
F(1,15)= 9.01, p=0.009, η2partial= 0.38 
Interaction WT vs AP2γ+/-: 
F(1,15)= 5.01, p=0.05, η2partial= 0.53 
Pax6 Total DG 0.99 ± 0.04 0.52 ± 0.10  0.70 ± 0.07 0.85 ± 0.11 
Interaction Genotype vs uCMS: 
F(1,28)= 6.26, p=0.02, η2partial= 0.18 
Interaction Control vs uCMS: 
F(1,28)= 0.03, p=0.86, η2partial= 0.001 
Interaction WT vs AP2γ+/-: 
F(1,28)= 1.72, p=0.20, η2partial= 0.06 
AP2γ Total DG 1.01 ± 0.02 0.47 ± 0.16  0.49 ± 0.09 0.37 ± 0.01 
Interaction Genotype vs uCMS: 
F(1,18)= 4.45, p=0.05, η2partial= 0.20 
Interaction Control vs uCMS: 
F(1,18)= 10.17, p=0.06, η2partial= 0.36 
Interaction WT vs AP2γ+/-: 
F(1,18)= 11.3, p=0.003, η2partial= 0.39 
Tbr2 Total DG 1.00 ± 0.05 0.56 ± 0.15  0.35 ± 0.10 0.36 ± 0.05 
Interaction Genotype vs uCMS: 
F(1,24)= 2.86, p=0.10, η2partial= 0.10 
Interaction Control vs uCMS: 
F(1,24)= 9.27, p=0.006, η2partial= 0.28 
Interaction WT vs AP2γ+/-: 




TET 3) showed a significant reduced expression in the AP2γ+/- group after exposure to uCMS when 
compared to the control AP2γ+/- mice (Figure 22A, C and E; Table 26). Moreover, we did observe the 
same tendency of TET 1 gene expression in the ventral DG (Figure 22B; Table 26). No differences were 
found between the WT groups in both dorsal and ventral DG, and although we could observe a tendency 
for the AP2γ+/- group to show higher expression of all three enzymes in control conditions, no statistical 










Epigenetic methylation in the hippocampal dentate gyrus of AP2γ constitutive KO animals 
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Figure 21. Epigenetic modulators involved in DNA methylation in the hippocampal DG of AP2γ constitutive 
KO depressed-like animals. 
DNMT3a (A and B) and DNMT3b (C and D) gene expression was quantified through qRT-PCR. Data is presented with fold 
change values in the dorsal and ventral DG of AP2γ constitutive KO depressed-like animals. (Control: nWT= 3, nAP2γ+/-= 3; uCMS: 




Table 25. Statistical analysis of DNMTs gene expression quantification in the dorsal and ventral DG of the 
constitutive AP2γ KO animal model. 
Data presented as mean ± SEM. 
 
Table 26. Statistical analysis of the TET genes expression quantification in the dorsal and ventral DG of the 
constitutive AP2γ KO animal model. 
Data presented as mean ± SEM. 
 
 
Control uCMS Statistical test, 




0.001 ± 0.0002 0.002 ± 0.0001 0.001 ± 0.0001 0.008 ± 0.0003 
Interaction Genotype vs uCMS: 
F(1,5)= 11.35, p=0.02, η2partial= 0.70 
Interaction Control vs uCMS: 
F(1,5)= 9.86, p=0.02, η2partial= 0.66 
Interaction WT vs AP2γ+/-: 
F(1,5)= 0.09, p=0.77, η2partial= 0.02 
Ventral 
DG 
0.001 ± 0.0003 0.002 ± 0.002 0.001 ± 0.0002 0.001 ± 0.0001 
Interaction Genotype vs uCMS: 
F(1,5)= 7.83, p=0.04 η2partial=0.61  
Interaction Control vs uCMS: 
F(1,5)= 6.16, p=0.06, η2partial=0.55  
Interaction WT vs AP2γ+/-: 




0.39 ± 1.66 0.29 ± 0.01 0.55 ± 0.09 0.23 ± 0.06 
Interaction Genotype vs uCMS: 
F(1,4)= 6.08, p=0.07, η2partial=0.60  
Interaction Control vs uCMS: 
F(1,4)= 21.52, p=0.009, η2partial=0.84  
Interaction WT vs AP2γ+/-: 
F(1,4)= 1.34, p=0.32, η2partial=0.25 
Ventral 
DG 
0.37 ± 1.53 0.48 ± 0.06 0.39 ± 0.07 0.45 ± 0.05 
Interaction Genotype vs uCMS: 
F(1,4)= 0.19, p=0.68, η2partial=0.05 
Interaction Control vs uCMS: 
F(1,4)= 0.003, p=0.96, η2partial= 0.001 
Interaction WT vs AP2γ+/-: 
F(1,4)= 3.19, p=0.15, η2partial= 0.44 
 
Control uCMS Statistical test, significance, 




0.013 ± 0.003 0.11 ± 0.003 0.11 ± 0.002 0.007 ± 0.0003 
Interaction Genotype vs uCMS: 
F(1,6)= 0.16, p=0.7, η2partial= 0.03 
Interaction Control vs uCMS: 
F(1,6)= 2.90, p=0.14, η2partial= 0.33 
Interaction WT vs AP2γ+/-: 
F(1,6)= 1.93, p=0.21, η2partial= 0.24 
Ventral 
DG 
0.012 ± 0.003 0.14 ± 0.002 0.011 ± 0.001 0.01 ± 0.0004 
Interaction Genotype vs uCMS: 
F(1,7)= 0.32, p=0.59, η2partial=0.04  
Interaction Control vs uCMS: 
F(1,7)= 1.39, p=0.28, η2partial=0.17  
Interaction WT vs AP2γ+/-: 




0.057 ±  0.04 0.003 ± 0.02 0.03 ± 0.006 0.014 ± 0.009 
Interaction Genotype vs uCMS: 
F(1,7)= 2.14, p=0.19, η2partial=0.23  
Interaction Control vs uCMS: 
F(1,7)= 0.09, p=0.77, η2partial=0.01  
Interaction WT vs AP2γ+/-: 
F(1,7)= 0.54, p=0.49, η2partial=0.71 
Ventral 
DG 
0.049 ± 0.04 0.026 ± 0.01 0.009 ± 0.001 0.008 ± 0.002 
Interaction Genotype vs uCMS: 
F(1,7)= 0.22, p=0.65, η2partial=0.03 
Interaction Control vs uCMS: 
F(1,7)= 1.73, p=0.23, η2partial= 0.19 
Interaction WT vs AP2γ+/-: 







0.0004 ± 0.008 0.0007 ± 0.0002 0.0003± 0.0001 0.0003 ± 0.0001 
Interaction Genotype vs uCMS: 
F(1,4)= 6.00, p=0.07, η2partial=0.60 
Interaction Control vs uCMS: 
F(1,4)= 24.0, p=0.008, η2partial= 0.86 
Interaction WT vs AP2γ+/-: 
F(1,4)= 6.00, p=0.07, η2partial= 0.60 
Ventral 
DG 
0.0004 ± 0.002 0.0005 ± 0.0002 0.0003 ±0.00001 0.0002 ± 0.0001 
Interaction Genotype vs uCMS: 
F(1,7)= 0.98, p=0.36, η2partial=0.14 
Interaction Control vs uCMS: 
F(1,7)= 2.1, p=0.20, η2partial= 0.26 
Interaction WT vs AP2γ+/-: 
F(1,7)= 0.15, p=0.72, η2partial= 0.02 
 
 























































































































































































Figure 22. Epigenetic modulators involved in DNA demethylation in the hippocampal DG of AP2γ constitutive KO 
depressed-like animals. 
TET1 (A and B), TET2 (C and D) and TET3 (E and F) gene expression was quantified through qRT-PCR. Data is presented with fold 
change values in the dorsal and ventral DG of AP2γ constitutive KO depressed-like animals. (Control: nWT= 2, nAP2γ+/-= 2; uCMS: nWT= 2, 












































5.1. Role of the transcription factor AP2γ during postnatal development 
 
 The AP2γ gene belongs to the AP2 family of transcription factors, which in mammals are 
largely associated with embryonic development. These transcription factors play crucial roles in various 
systems and biological processes, such as cell proliferation, cell adhesion, developmental 
morphogenesis, tumor progression and cell fate determination, through the regulation of a large 
number of target genes with different biological functions (Batsche et al. 1998; Ebert et al. 1998; 
Maconochie et al. 1999; Kuckenberg et al. 2012; Cyr et al. 2015). In mice, AP2γ is expressed during 
developmental stages, both in the central and peripheral nervous system (Pinto et al. 2009), as well as 
in the adult mouse forebrain (Pinto et al. 2009) and also in the SGZ of the hippocampal DG and the 
SEZ of the lateral ventricles (Mateus-Pinheiro et al. 2016). Perceiving the relevancy of this specific 
transcription factor in the primordial embryonic developmental stages makes it easy to understand why 
mice with homozygous deletion of AP2γ since embryonic development are not viable.   
Therefore, knowing the importance of this transcription factor in embryonic development and in 
the adult neurogenesis process, combined with previous results from the group suggesting impairments 
in hippocampal glutamatergic neurogenesis (Mateus-Pinheiro et al. 2016), we wanted to understand if 
during post-natal neurodevelopment there were already deficits in the heterozygous AP2γ constitutive 
KO mice. To do so, we used the developmental milestones protocol, a simple procedure that is easy to 
measure, requires little equipment and includes a vast range of assays as indicators of both 
neurological, strength and motor development (Hill et al. 2008). 
In general, all litters that have been tested for the developmental milestones protocol presented 
a normal development and no particular traits were noticed in body weight and anogenital distance, 
which are mainly physical and somatic parameters. Also, any relevant alterations were observed in 
motor development as assessed by the open field and walking tests, or in the sensorial parameters, as 
evaluated by the grasping, auditory startle, rooting and ear twitch tests. The only somatic and 
neurobiological differences found between groups were on the eye opening day, in the negative geotaxis 
and in the wire suspension tests, as seen by the delay and anticipation in the timing (measured as 
days) to acquire a mature response by the AP2γ+/- group. These AP2γ+/- animals showed a delay for 1 
day in the negative geotaxis test, and 1, 2 days of anticipation for the eye opening day and the wire 




do not have a clear cause for this occurrence, and we believe that probably there is no biological 
meaning in this difference between the two groups. One aspect that we have to consider in this 
protocol, and that might be causing this small difference between the groups, is the different time of 
birth of the litters. Our strategy to control animal’s birth was to check twice a day (in the morning, and 
at the end of the afternoon) if there were already pups in the animals’ cage. These discrepancies in 
time between litters may lead in some milestones tests to discrete differences, and we do believe that 
this is the case for the eye opening test. Also corroborating the normality of the eye opening day is the 
fact that both groups opened both of their eyes within the normal range of maturity in this somatic test, 
which is between PND7-17 (Heyser 2001). 
If we would only take in consideration the two obtained neurobiological differences in the 
negative geotaxis and wire suspension tests, it would be possible to indicate some sort of deficit 
associated with strength or muscular rigidity. However, in other developmental milestones protocol 
parameters, which also evaluated strength domains (like the surface righting, cliff aversion and air 
righting tests) we did not observe any kind of impairment between groups, indicating no deficits in this 
evaluated domain. Moreover, both results are within the normal range for rodents to acquire the mature 
response: defined for the negative geotaxis test to be between PND6-PND15 and for the wire 
suspension test between PND10-PND16 (Heyser 2001). In the future, it would be interesting to confirm 
these results through a more sensitive molecular approach. One way to do so could be through high-
performance liquid chromatography (HPLC) in which we could quantify different neurotransmitters 
involved in strength, such as dopamine, which has been associated with muscular rigidity when present 
in lower percentages (Hemsley and Crocker 2001; Konieczny et al. 2009). 
 
5.2. The role of AP2γ in juvenile mice 
 
 5.2.1. Impact of AP2γ on behavioral performance of juvenile mice 
In previous studies from the group, we performed a multidimensional behavioral 
characterization of the AP2γ+/- adult mice in basal conditions. However, it was not analyzed if the 
modulatory effects of the transcription factor AP2γ on behavior, are indeed specifically observed at adult 
stages, or if during the developmental and maturity stages there is already an effect of the constitutive 
deletion of one allele of the AP2γ gene. Therefore, to start dissecting the precise role of AP2γ 




analyze WT and AP2γ+/- animals and study the modulatory effect of AP2γ deletion already in juvenile 
stages.  
There is some information available regarding the proper age to test juvenile mice, but one of 
the most accepted and published ages is between 3 to 8 weeks. Taking this in consideration, the 
behavioral profile of the animals was assessed between PND25 to PND31, and as such we had to 
adapt in some situations the behavioral test to overcome limitations of the young age of the animals. 
We started the juvenile behavior characterization by evaluating if AP2γ deletion has an impact on the 
anxious-like behavior of the juvenile mice through the OF test. Although it is not described as a classical 
test for anxiety, the OF test can also be used as an indicator of anxious-like behavioral states of rodents, 
by evaluating the ratio of time spent and distanced traveled in the center versus the periphery of the 
arena (Prut and Belzung 2003). After a first trial with a small group of animals, we noticed that the 
habitual 5 min per trial in the OF arena was not sufficient to understand any kind of phenotype, as the 
majority of the animals did not perform the test, spending almost the total time in a resting state. We 
decided to adapt the time session for 20 min per trial, to allow the young animals to acclimatize to the 
light stimulus of the arena. Under these conditions we observed that the AP2γ+/- mice traveled lower 
distances and spent less time in the center of the arena, suggesting higher anxiety levels when 
compared to the WT group. Interestingly, the same pattern was found in the adult AP2γ+/- group at basal 
conditions, suggesting that this susceptibility to an anxious-like behavior already occurs during juvenile 
development.  
Then we assessed if in basal conditions there are any signs of susceptibility to behavioral 
despair, through the TST. We did not find any difference between AP2γ+/- and WT juvenile mice in the 
percentage of time that the mice stay immobile during the test, suggesting the absence of depressive-
like symptoms in AP2γ+/- juvenile mice. Also in the splash test we did not find differences between 
groups in the time that the animals spent grooming after applying a sucrose solution to their coat, 
further indicating that AP2γ+/- juvenile mice do not present core alterations in motivational self-care. 
Together, both results indicate that AP2γ deletion does not cause any predisposition towards a 
depressive-like behavior in juvenile ages. The same pattern was found during adulthood in the FST, thus 
corroborating this hypothesis. 
One of our main goals with the juvenile behavior assessment was also to understand if  AP2γ 
could have a modulatory role in the cognitive performance of juvenile mice, since in previous studies we 
obtained results suggesting its importance in modulating cognition of adult mice. Although Carr and 




tried to assess it in our juvenile animals through the same novel object recognition (NOR) protocol but 
the animals did not perform this behavioral test. We further tried to explore this dimension through the 
social interaction and Y-maze tests, and once again animals did not perform these behavioral 
paradigms. Thus, until this moment we were not able to evaluate how AP2γ transcription factor is 
impacting on the cognitive performance of juvenile mice. 
  
5.2.2. AP2γ modulation of hippocampal proliferation and neurogenesis in juvenile 
mice 
In previous studies from the group hippocampal dentate gyrus (DG) cell proliferation and 
glutamatergic neurogenesis in the brain of AP2γ+/- adult mice was already characterized. However, it 
was not analyzed if these effects in the adult mice promoted by deletion of AP2γ are indeed specifically 
observed at adult stages, or if during the developmental and maturity stages there is already an effect of 
the constitutive deletion of one allele of AP2γ in hippocampal neurogenesis. To comprehend if the 
reduced expression of AP2γ could have already an impact on hippocampal glutamatergic neurogenesis 
during development and maturity stages, we injected juvenile animals with BrdU and sacrificed them 
24h later (at PND31), allowing us, through immunostaining, to assess the proliferation of progenitor 
cells and newborn neurons (neuroblasts expressing doublecortin – DCX). Analysis of total cell 
proliferation in the DG of WT and AP2γ+/- animals revealed no significant differences between groups, 
although the proliferation values of AP2γ+/- animals were slightly reduced. In addition, we analyzed the 
number of newborn neuroblasts with double staining for BrdU and DCX, revealing a significant 
difference between WT and AP2γ+/- animals. In AP2γ+/- mice, a decreased number of neuroblasts was 
observed as shown by the reduced number of double-positive BrdU/DCX cells, when compared to the 
WT control group. 
These deficits in newborn neurons, observed in juvenile animals with constitutive deletion of 
one allele of AP2γ, confirm the modulatory involvement of AP2γ in the modulation of post-natal 
glutamatergic neurogenesis in the healthy brain, already during development and maturity of these 
animals. Impairments in the generation of new hippocampal neurons have been largely associated with 
a more anxious phenotype (Revest et al. 2009; Hill et al. 2015). In our juvenile behavioral results we 
could observe through the OF test a higher anxiety level in the AP2γ+/- animals, since this KO mice 
traveled lower distances and spent less time in the center of the arena. Through these results we can 
suggest that the modulation exerted by the reduce expression of AP2γ transcription factor in the 




in anxiety-related behavior. In the future, it would be interesting to quantify the expression of different 
AP2γ targets, to understand if at this point of development, it is already noticeable an altered presence 
of different transcripts involved in the post-natal glutamatergic process, such as Sox2, Pax6 and Tbr2. 
Also associated with impaired generation of new glutamatergic neurons in the hippocampus are the 
cognitive deficits (Shen et al. 2006; Deng et al. 2009; Jessberger et al. 2009). Thus, it becomes 
relevant to find suitable behavioral cognitive tests to assess if indeed this decreased neuronal 
generation leads to impaired cognitive performance of juvenile mice, as also seen by the deficits in the 
contextual-hippocampal associated memory and behavioral flexibility during adulthood (Mateus-Pinheiro 
2016). Although in the duration of this thesis we were not able to successfully assess the cognitive 
performance of juvenile mice, in later results we adapted the NOR protocol to the night time period, 
since it is the active phase of the animals. In a preliminary trial with WT animals we observed that 
animals are indeed more actively performing the test when compared to the diurnal results. As such, in 
the future we plan to assess the cognitive behavior of both WT and AP2γ+/- juvenile mice in the nocturnal 
period.  
The anxious and cognitive domains are largely associated with the post-natal glutamatergic 
neurogenic process, being the impairments in the emotional dimension more associated to deficits in 
the neurogenic process of the ventral DG, and the cognitive deficiencies more related to deficits in the 
glutamatergic neurogenesis occurring in dorsal DG (Kheirbek and Hen 2011). As such, in the future it 
would be interesting to discriminate the neurogenic alterations in these two areas of the DG, in order to 
better understand the behavioral phenotype, as previously performed in the adult mice (Mateus-Pinheiro 
et al. 2016). 
 
5.3. Functional impact of the transcription factor AP2γ in depression  
 
5.3.1. The uCMS protocol as a model of depression  
To validate the uCMS protocol implemented in this master thesis study two major measures 
were used to control its efficacy: the body weight gained throughout the six weeks of uCMS protocol and 
the levels of corticosterone in blood at the end of the chronic stress exposure. Through the body weight 
gain, we already were able to observe imbalances between control and animals exposed to chronic 
stress in both models. During uCMS protocol, the control animals were gaining and maintaining the 
gained weight whereas the mice exposed to stress from both genotypes and models were first loosing 




alone already are good validators of the efficacy of the uCMS protocol as a model to induce depressive-
like features (Retana-Marquez et al. 2003; Bhatnagar et al. 2006). However, we wanted to perceive if 
these differences in body weight were really an indicator of a depressive-like state, or if it was a 
consequence of the food deprivation during some mild stressors. For that, we proceeded to a molecular 
analysis quantifying the levels of corticosterone in blood of the animals at the final week of the uCMS 
protocol. 
As previously described, the circadian distribution of corticosterone in control rodents is 
characterized by a basal quantity at day time (nadir) and a night time peak (zenith) (D'Agostino et al. 
1982). This circadian regulation of corticosterone secretion was found to be altered in animals exposed 
to stressful events, suggesting a disruption of the HPA axis (Ottenweller et al. 1994). In healthy 
conditions, the HPA axis is the major neuroendocrine system that controls organisms’ reactions. Upon 
acute stress stimulation, the axis releases corticotrophin-releasing hormone (CRH) from the 
paraventricular nucleus of the hypothalamus, which in turn acts on the pituitary gland inducing 
adrenocorticotropic (ACTH) release from the pituitary into the circulatory system. In the periphery, 
corticosteroids are then secreted from the adrenal gland. A negative feedback mediated by 
corticosteroids on the hypothalamus, pituitary and higher brain centers ensures the equilibrium of the 
system (Bhatnagar et al. 2006; Femenia et al. 2012).  
It is known that chronic stress exposure is accompanied by HPA axis hyperactivity, resulting in 
deregulated glucocorticoid secretion-pattern into the blood (Schoenfeld and Gould 2012). In our results, 
we observed that both constitutive and conditional KO control groups maintained a normal circadian 
rhythm of corticosterone secretion, since there is a significantly peak of corticosterone at the zenith 
time-point. The uCMS exposed animals showed a disruption of the HPA axis by presenting a 
significantly higher nadir levels of corticosterone than the control groups, and no circadian regulation, 
as there are no differences between nadir and zenith in both constitutive and conditional KO uCMS 
groups.  
Together, the imbalances in the weight gain and the disruption of the corticosterone circadian 
rhythm, validate the efficacy of the uCMS protocol in both animal models, a shoring in this way, that the 





5.3.2. Role of AP2γ in the modulation of behavioral domains affected by 
depression 
 The confirmation of the modulatory role of AP2γ on the adult hippocampal neurogenic process 
opens exciting perspectives regarding the importance of these gene in neuropathological contexts in 
which neurogenesis is impaired, such as depression. Having this in mind, we decided to study if AP2γ 
deletion also modulates adult hippocampal neurogenesis and behavior in depressive-like animals. For 
this, we exposed both AP2γ KO constitutive and conditional animal models to an uCMS protocol. 
The behavioral profile of the animals was assessed immediately after the six weeks of chronic 
stress exposure. The uCMS protocol successfully induced depressive-like behavior in the chronic 
stressed WT (WT and cAP2γ+/+) animals from both models, reflected in a substantial increase of 
immobility in the FST (for both models) and in the TST (for the conditional model). However, no 
differences were found between the KO (AP2γ+/- and cAP2γ-/-) and the WT (WT and cAP2γ+/+) groups, 
suggesting that the reduced expression of AP2γ did not affect the mood of mice. Interestingly, and 
considering that the hippocampal neurogenic process of these two different groups of AP2γ KO mice is 
partially compromised (Mateus-Pinheiro et al. 2016), this finding matches the results reported by Bessa 
et al (Bessa et al. 2009a), in which it was shown that stressed animals with and without suppressed 
neurogenesis spend higher periods of time immobile in the FST comparing to control animals, but that 
these two groups did not differ between them. Furthermore, anxiety-related behavior assessed by the 
OF and the EPM tests, was found to be affected by the uCMS protocol in both mice models analyzed, 
reflected in a substantial decreased distance traveled and time spent in the center of the arena in the 
OF test by the WT uCMS groups, and the increased time in enclosed arms of the EPM apparatus by the 
same referred animals. Notably, in these two behavioral tests, different trends regarding the control 
situations were observed, since in the OF test we could observe an anxious-like behavior in the AP2γ KO 
groups, which was not the case in the EPM test. However, we have to take in consideration that the 
different behavioral tests employed to assess the anxiety-related behavior have advantages and 
limitations such as all the paradigms used to assess animal’s behavior. Moreover, these different 
behavioral tests measure different fractions of an animal’s emotional profile, making it possible to 
obtain distinct phenotypes from both tests. To further dissect the role of AP2γ in anxiety-like behavior 
we may in the future perform additional behavioral tests, like the light-dark box test, which can also 
provide valuable insights regarding this behavioral dimension (Bourin and Hascoet 2003). 
The most interesting findings in the characterization of the behavioral profile of AP2γ KO adult 




mice cognitive performance in the working and spatial reference memory, and also in the reversal 
learning task. Exposure to uCMS induced highly significant deficits on working memory and reference 
memory of the constitutive WT mice, an effect that was completely absent in the AP2γ+/- stressed mice. 
This is an interesting observation that seemed to be associated to some compensatory mechanism in 
AP2γ+/- animals exposed to stress, that lead to the reinforcement of the hippocampal neuronal 
population, thus counteracting the deleterious effects of stress in this cognitive dimension. Interestingly, 
this proved to be case, as data from the protein levels of different transcripts involved in adult 
glutamatergic neurogenesis, namely Sox2, Pax6 and Tbr2 seem to be highly expressed in uCMS AP2γ+/- 
animals when compared to the WT stressed mice.  
Moreover, in the reversal learning task in the water maze test and in the context probe from the 
CFC test, AP2γ+/- mice already showed significant deficits in contextual hippocampal-associated memory 
and impaired hippocampal-to-PFC network in basal conditions, independently of stress exposure. 
Likewise, in the conditional AP2γ KO model a tendency was found in the reversal learning task in which 
cAP2γ-/- presented lower percentage of time in the new quadrant when compared to the cAP2γ+/+ control 
group. Regarding the deleterious effect of stress in the reversal learning task, in the conditional model, 
chronic stress induced detrimental effects on the cAP2γ+/+ uCMS animals, and interestingly this result 
was not observed between the cAP2γ-/- groups. However, no differences were found between control 
and uCMS groups in the constitutive model.  
Taking into consideration that this deficiency in AP2γ in the constitutive model is present since 
embryonic development, most likely it has affected cortical basal progenitors specification, accounting 
for deficits in neocortical development, as previously shown (Pinto et al. 2009). As the reversal learning 
task is closely related to PFC functions, deficits observed in the control AP2γ+/- are probably due to 
misspecification of cortical layers in this cortical region, that ultimately leads to defects on cognitive 
activities in which PFC is actively involved. Interestingly, in previous electrophysiological studies from 
the group, we showed that in basal conditions, the AP2γ deficiency in the adult brain of the conditional 
cAP2γ-/- mice led to a significant decrease of coherence between the ventral hippocampus and the PFC 
(Mateus-Pinheiro et al. 2016), indicating a decrease in the ability of these two region to functionally 
interact, previously shown to be critically related with behavior outputs dependent on cortico-limbic 
networks (Fell and Axmacher 2011; Gordon 2011). Moreover, the integrity of the ventral hippocampus-
to-PFC link has been recently described to be important to the antidepressant action of drugs, such as 
ketamine (Carreno et al. 2016), raising the possibility that AP2γ may play an important role in the 




to explore this electrophysiological measurements in the context of depression, in order to better 
perceive how AP2γ influences interregional communication in the pathogenesis of psychiatric disorders.  
 
5.3.3. The modulatory action of AP2γ in the hippocampal neurogenic niche 
 The behavioral profile of the constitutive and conditional AP2γ KO groups was altered in the 
assessed cognitive domains. As previously discussed, the evident decline in the performance of AP2γ 
KO animals in the reversal learning tasks is likely a consequence of defects on cortical development, 
and also impairments in neuronal circuits that create deficits in interregional communication. At this 
point, further studies are needed to fully assess if this is indeed the cause underlying the observed 
behavioral phenotypes. However, driven by the observed resilience to the deleterious effects of uCMS 
exposure on the reference memory – an hippocampal-dependent function – we hypothesized whether 
such phenotype could be also related to alterations in the hippocampal neurogenic niche. To prove so, 
we started to quantify the impact of AP2γ on the protein levels of different transcripts involved in the 
adult glutamatergic neurogenic process in both depressed constitutive and conditional animal models.  
Although we are aware, that further studies are needed to fully comprehend the effect of AP2γ 
in the hippocampal dentate gyrus and its repercussion on the altered cognitive function, we started this 
hippocampal neurogenesis characterization through western blots quantification. As it was possible to 
observe, both models showed a significant reduction on AP2γ protein levels in the hippocampal DG, 
wherein the conditional model was highly impacted by the tamoxifen-inducible deletion of AP2γ. 
Moreover, AP2γ reduction in the constitutive animal model triggered a reduction of Tbr2 protein levels, 
but had no impact on its upstream regulators such as Sox2 and Pax6. However, in the conditional AP2γ 
model, all the transcripts measured seem to be highly impacted by the deficits in AP2γ since cAP2γ-/- 
control mice have reduced expression of Pax6, DCX and also Tbr2.  
Regarding the uCMS conditions we had an interesting finding in the AP2γ constitutive KO model 
that lead us to hypothesize that compensatory mechanisms during developmental stages may happen. 
After uCMS exposure the AP2γ+/- animals showed a high bolstering of Sox2, Pax6 and Tbr2, which, like 
previously reported, are highly involved in the modulation of adult hippocampal glutamatergic 
neurogenesis. We may hypothesize that by having a developmental defect in neuronal progenitor cells 
since embryonic development, this neuropathological target is already affected, thereby contributing to 
a minor extent to the pathological repercussions of chronic stress exposure. This phenomenon, can be 
attributable to compensatory mechanisms that emerged by the constitutive deletion of one allele of the 




regulatory molecules and their binding partners cyclins (Satyanarayana and Kaldis 2009). Another 
possibility is that functionally redundant members of the AP2 transcription factors family may also 
interplay the lack of AP2γ, reinforcing hippocampal cell proliferation both in basal and in 
neuropathological contexts. Interestingly, and although in the conditional AP2γ model the WB 
quantifications are not yet fully concluded in uCMS conditions, the same pattern was not observed, 
further supporting the contribution of putative compensatory mechanism that emerged since early 
development in the constitutive KO model.  
To better understand the modulatory impact of AP2γ in hippocampal neurogenesis and its 
repercussions on the cognitive dimension, further complementary studies are required in both KO 
models, such as DG immunostainings for proliferative markers, analysis of the dendritic morphology of 
DG granular neurons, spine densities and morphology. Moreover, complementing these results with 
electrophysiological characterization of the hippocampus-to-PFC network in uCMS conditions would 
bring some insights if the interregional communication dysfunction emerges as a consequence of 
glutamatergic network malfunction triggered by the lack of AP2γ regulation in the adult neurogenic 
niche.  
  
5.4. AP2γ impacts on epigenetic regulators of adult hippocampal glutamatergic 
neurogenesis – A preliminary perspective  
  
Epigenetic mechanisms have been proposed to play pivotal roles in different stages of both 
embryonic and adult neurogenesis, being involved in the regulation of NSCs proliferation, fate 
specification and differentiation. These mechanisms are now becoming to be recognized as 
fundamental for the balanced production of new neuronal and glial cells needed for the homeostatic 
brain function (Mateus-Pinheiro et al. 2011). Cumulative evidence now suggests that epigenetic 
dysregulation also plays an important part in neurodegenerative disorders, and more interestingly, in 
psychiatric disorders (Yao et al. 2016). It is possible to say that epigenetic mechanisms are becoming 
gradually accepted to play dynamic roles in adult neurogenesis, and actually in a recent study from 
Amador-Arjona and colleagues (Amador-Arjona et al. 2015) Sox2 transcription factor was proposed to 
set a permissive epigenetic state in NSCs, enabling in this way the neuronal differentiation under 
neurogenic cue.  
 Having in mind the cumulative evidences of epigenetic modifications in the transcriptional 




decided to perform a broad analysis of DNA methylation and demethylation – two well-known epigenetic 
mechanisms that play important roles in the adult glutamatergic neurogenic process. Although we still 
did not obtain a clear interpretation of how deficits in AP2γ impact on the epigenetic regulation of adult 
glutamatergic neurogenesis in basal conditions, it was possible to observe alterations in the uCMS 
AP2γ+/- mice.  
  In this thesis, we decided to measure the expression levels of different enzymes involved in the 
methylation and demethylation of DNA. No differences were observed in the methylation enzymes in WT 
and AP2γ+/- animals both in basal and uCMS conditions. We measured the activity of DNMT3a and 
DNMT3b which are largely responsible for the de novo methylation, a process highly important for 
embryogenesis, neural development and the establishment of methylation patterns (Montalban-Loro et 
al. 2015). However, there is another type of methylation reaction, responsible to copy the existing 
methylation patterns, promoted by DNMT1, which we still did not assess. This enzyme is abundantly 
expressed in the embryonic, perinatal and adult CNS in both dividing NSCs and mature neurons, thus it 
is highly relevant to assess in the near future if DNMT1 is affected by the reduced expression of AP2γ. 
Unlike DNA methylation, when we assessed the epigenetic demethylation process we found differences 
between AP2γ+/- control and uCMS groups in the dorsal DG. We measured the activity of the TET family 
of enzymes which are largely responsible for the demethylation process promoting the removal of the 
methyl mark and leaving in this way the gene in a more activated state (Maeder et al. 2013). We did 
obtain a similar pattern among all three TET enzymes (TET1, TET2, TET3) in the dorsal DG, presenting 
a reduced expression after uCMS exposure. Furthermore, in the ventral DG we only found the same 
pattern of expression for the TET1 enzyme.  
These results suggest a reduction in the demethylation process in the AP2γ+/- chronic stressed 
animals, which can be related with the cognitive alterations that we did observe in the constitutive AP2γ 
KO animal model. However, further studies are required to understand which genes have an altered 
demethylated process, perceive if its function are related to neuroplasticity, and if indeed an altered 
epigenetic mechanism, induced by chronic stress exposure, in adult hippocampal neurogenesis can 
lead to significant behavioral adaptations. Moreover, we need to understand how is AP2γ being 
modulated by the demethylation process, if its expression is increasing or decreasing by this 
modulatory action, and how it rebounds in other transcription factors involved in the glutamatergic 





 The techniques used in this thesis to analyze these specific epigenetic mechanisms gave only a 
broad analysis, allowing to explore if indeed the reduced expression of AP2γ could cause epigenetic 
alterations in the hippocampal neurogenic niche. In the future, and to perform a more specific analysis 
it would be interesting to use different techniques such as DNA bisulfite conversion which allows the 
evaluation of the methylation and demethylation status of individual CpG dinucleotides in the genomic 
DNA, understanding at the same time which genes are being methylated or demethylated in depression 
(Booth et al. 2013). 
 
5.5. AP2γ transcription factor – An integrated perspective  
 
The work developed and presented here was designed to further explore the impact of the 
transcription factor AP2γ in brain neurophysiology and behavior during development and at adult stages 
both in basal and depressive-like conditions. Using two animal models with different mechanical 
targeted AP2γ deletion, we were able to better understand some of the contributions of this 
transcription factor in varied brain processes, from the developmental period until adulthood. One of the 
best characterized function of the AP2γ transcription factor, shown by previous studies of the group, is 
its involvement in the transcriptional network that underlies glutamatergic neurogenesis during 
embryonic development, which integrates several transcription factors sequentially expressed 
(Sox2àPax6àNgn2à Tbr2àNeuroDàTbr1). AP2γ participates in this transcriptional network that 
hallmarks embryonic glutamatergic neurogenesis acting as a downstream target of Pax6, with 
modulatory effects upon basal progenitors such as Tbr2 (Pinto et al. 2009). Interestingly, it was found 
that during adult glutamatergic neurogenesis, neurons recapitulate this transcriptional sequence that 
hallmarks the embryonic glutamatergic neurogenesis in the developing cerebral cortex (Brill et al. 
2009). As such, this transcriptional sequence is maintained postnatally, and actually, more recently we 
were able to identify the presence of AP2γ in the adult hippocampal DG, both in Tbr2-positive 
glutamatergic progenitor cells and neuroblasts. We further revealed that AP2γ is also a positive 
regulator of adult glutamatergic neurogenesis in the adult hippocampal DG, as its overexpression 
increments the generation of new neurons in this region and its deletion, both in vivo and in vitro, 
results in marked reduction of the neuroblasts population (Mateus-Pinheiro et al. 2016). 
 Taking in consideration these previous findings of the group regarding the AP2γ modulatory 
effect of embryonic and adult glutamatergic neurogenesis, we wanted to discriminate if the molecular 




there is already an impact of AP2γ reduction on post-natal development and on juvenile stages. We also 
wanted to investigate the potential role of AP2γ as a key neurogenesis modulator in the 
neuropathological context of depression, since in this disorder, hippocampal glutamatergic 
neurogenesis is highly affected. To do so, we used two animals models for AP2γ deletion to understand 
the impact of AP2γ in depression in two different perspectives. By using the constitutive AP2γ KO 
model, we intended to understand if the deletion of one allele of AP2γ since embryonic development 
could lead to a predisposition to deficits in the three behavioral dimensions affected by depression, 
since hippocampal glutamatergic neurogenesis is impaired in the AP2γ+/- animals. Through the 
conditional AP2γ KO mice, in which the homozygous deletion of the gene is only induced at adult 
stages prior to the uCMS protocol, we were able to better elucidate the role of this transcription factor 
specifically in adult hippocampal neurogenesis both in basal and depressive-like conditions, without the 
contribution of putative compensatory mechanisms that had eventually emerged since early 
development.  
 We observed in the basal conditions results presented in this thesis, molecular deficits in the 
constitutive AP2γ+/- animals since juvenile development until adulthood, which were largely associated 
with the altered behavioral phenotypes, namely anxiety and cognitive impairments, obtained both at 
juvenile and adult stages. However, if we had only used this constitutive KO animal model, it would not 
have been possible to completely understand if the results observed at the moment of testing were 
indeed an alteration of the reduced expression of AP2γ, or if there were putative compensatory 
mechanisms intervening in the analysis. Combining the evidences from both constitutive and 
conditional AP2γ animals models we were able to better perceive how is this transcription factor 
modulating post-natal hippocampal neurogenesis, and its repercussions in both basal and uCMS 
conditions. Between the constitutive and conditional KO animals two major differences were observed: 
in behavioral tests associated to cognition, and in the expression of the different transcription factors 
involved in the glutamatergic neurons formation in the adult DG. When analyzing the cognitive 
dimension of the constitutive animal, and we compare it with the expression profiles obtained by the 
western blot, it is possible to perceive that there is some sort of compensatory mechanism in the AP2γ+/- 
mice, bolstering the expression of Sox2, Pax6 and Tbr2, ameliorating in this way the deleterious effects 
induced by chronic stress. But when we analyzed the same cognitive dimensions in the chronically 
stressed conditional cAP2γ-/- animals, we did not obtain the same cognitive phenotype, nor the 




amelioration of cognitive domains observed in the constitutive uCMS AP2γ+/- animals, seem to be 
determined during the development period. 
 Regarding the anxiety phenotype, we did obtain similar patterns in both constitutive and 
conditional animal models, showing both AP2γ KO (AP2γ+/- and cAP2γ-/-) control groups a higher anxiety 
rate in the OF test, but no differences after uCMS exposure. We also assessed the anxious behavior at 
juvenile ages, showing once again the constitutive AP2γ+/- animals a more anxious-like behavior when 
compared to the WT control group, in the OF test. Thus, the compensatory mechanisms observed in 
the neurogenic transcripts in the constitutive model are not influencing the anxiety dimension, since 
there is no amelioration of the anxious-phenotype in the AP2γ+/- uCMS group. Moreover, when we 
analyzed epigenetic mechanisms in the constitutive model, the most altered area was the dorsal DG 
which is largely associated with the cognitive dimension (Fanselow and Dong 2010), being the ventral 
area (more related to the emotional dimension) less affected by these alterations. Although it is quite 
early to speculate how AP2γ modulates the epigenetic regulators of the neurogenic process, it is 
already noticeable that demethylation of some genes is occurring after chronic stress exposure. 
However, further studies are required to perceive if these alterations in the constitutive model lead to 










































6. CONCLUDING REMARKS 
In the past decades, a large effort has been made to unravel the complex pathological basis 
that underlies several neuropsychiatric disorders in which adult hippocampal glutamatergic 
neurogenesis is impaired, such as major depression. The view of adult hippocampal neurogenesis as a 
causative neurobiological mechanism of depression has been supported by several reports, showing the 
high comorbidity between the precipitation of depressive symptomatology and the reduction of 
hippocampal proliferation. Finding a molecule with an important modulatory action in the adult 
hippocampal neurogenic process is, in the present context, of the outmost importance in order to revert 
the pathological effects upon adult neurogenesis, observed in depression. It can be stated that the work 
performed and included in this thesis provided important insights on the potential of AP2γ as a 
promising candidate to mediate such action. In fact, the transcription factor AP2γ was proved to be 
actively involved in the promotion of post-natal neurogenesis in the hippocampal DG neurogenic niche. 
Furthermore, in this thesis, we observed that reduced levels of AP2γ since embryonic development 
already impacted juvenile behavior and impaired neuronal proliferation at this stage of development and 
maturity, specifically causing a more anxious-like phenotype and decreased proliferation of immature 
neurons. Moreover, we submitted both constitutive and conditional animals to an unpredictable chronic 
mild stress protocol, and the behavioral profile revealed that the reduced expression of AP2γ produced 
significant deficits in cortical-dependent cognitive tasks, which is likely a consequence of cortical 
developmental deficits. However, this deletion since embryonic development proved to be beneficial for 
hippocampal dependent cognitive functions, namely working and spatial memory, possibly due to a 
compensatory increase of different transcripts important for adult glutamatergic neurogenesis. This 
compensatory mechanism is further supported by the fact that these transcripts were normally 
expressed in the DG of conditional KO mice after chronic stress exposure.  
 Together, these results further support the involvement of AP2γ in the adult glutamatergic 
neurogenic process, and that it may be a strong candidate to be used as a therapeutical tool in future 
therapies directed to the modulation of the neurogenic niche, mostly in patients with cognitive deficits. 
However, further analyses are needed to elucidate what is the functional role of this transcription factor 
in the context of depressive, and to fully understand the different mechanisms by which AP2γ is 














































Allan AM, Liang X, Luo Y, Pak C, Li X, Szulwach KE, Chen D, Jin P, Zhao X. 2008. The loss of methyl-
CpG binding protein 1 leads to autism-like behavioral deficits. Hum Mol Genet 17: 2047-2057. 
Altman J, Das GD. 1965. Autoradiographic and histological evidence of postnatal hippocampal 
neurogenesis in rats. J Comp Neurol 124: 319-335. 
Amador-Arjona A, Cimadamore F, Huang CT, Wright R, Lewis S, Gage FH, Terskikh AV. 2015. SOX2 
primes the epigenetic landscape in neural precursors enabling proper gene activation during 
hippocampal neurogenesis. Proc Natl Acad Sci U S A 112: 1936-1945. 
Ambrogini P, Lattanzi D, Ciuffoli S, Agostini D, Bertini L, Stocchi V, Santi S, Cuppini R. 2004. Morpho-
functional characterization of neuronal cells at different stages of maturation in granule cell 
layer of adult rat dentate gyrus. Brain Res 1017: 21-31. 
Anacker C, Cattaneo A, Luoni A, Musaelyan K, Zunszain PA, Milanesi E, Rybka J, Berry A, Cirulli F, 
Thuret S et al. 2013. Glucocorticoid-related molecular signaling pathways regulating 
hippocampal neurogenesis. Neuropsychopharmacology 38: 872-883. 
Bailey KR Crawley JN. 2009. Anxiety-Related Behaviors in Mice. In: Buccafusco Methods of Behavior 
Analysis in Neuroscience. Georgia: CRC Press Online. 77-101. 
Balu DT, Lucki I. 2009. Adult hippocampal neurogenesis: regulation, functional implications, and 
contribution to disease pathology. Neurosci Biobehav Rev 33: 232-252. 
Batsche E, Muchardt C, Behrens J, Hurst HC, Cremisi C. 1998. RB and c-Myc activate expression of 
the E-cadherin gene in epithelial cells through interaction with transcription factor AP-2. Mol 
Cell Biol 18: 3647-3658. 
Belenguer G, Domingo-Muelas A, Ferron SR, Morante-Redolat JM, Farinas I. 2016. Isolation, culture 
and analysis of adult subependymal neural stem cells. Differentiation 91: 28-41. 
Bergner CL, Smolinsky AN, Hart PC, Dufour BD, Egan RJ, LaPorte JL, Kalueff AV. 2016. Mouse Models 
for Studying Depression-Like States and Antidepressant Drugs. Methods Mol Biol 1438: 255-
269. 
Bergstrom CT, Meacham F. 2016. Depression and anxiety: maladaptive byproducts of adaptive 
mechanisms. Evol Med Public Health. 1: 214-218 
Berton O, Hahn CG, Thase ME. 2012. Are we getting closer to valid translational models for major 




Bessa JM, Ferreira D, Melo I, Marques F, Cerqueira JJ, Palha JA, Almeida OF, Sousa N. 2009a. The 
mood-improving actions of antidepressants do not depend on neurogenesis but are associated 
with neuronal remodeling. Mol Psychiatry 14: 764-773. 
Bessa JM, Mesquita AR, Oliveira M, Pego JM, Cerqueira JJ, Palha JA, Almeida OF, Sousa N. 2009b. A 
trans-dimensional approach to the behavioral aspects of depression. Front Behav Neurosci 3: 
1-7. 
Bhatnagar S, Vining C, Iyer V, Kinni V. 2006. Changes in hypothalamic-pituitary-adrenal function, body 
temperature, body weight and food intake with repeated social stress exposure in rats. J 
Neuroendocrinol 18: 13-24. 
Booth MJ, Ost TW, Beraldi D, Bell NM, Branco MR, Reik W, Balasubramanian S. 2013. Oxidative 
bisulfite sequencing of 5-methylcytosine and 5-hydroxymethylcytosine. Nat Protoc 8: 1841-
1851. 
Bosher JM, Totty NF, Hsuan JJ, Williams T, Hurst HC. 1996. A family of AP-2 proteins regulates c-erbB-
2 expression in mammary carcinoma. Oncogene 13: 1701-1707. 
Bourin M, Hascoet M. 2003. The mouse light/dark box test. Eur J Pharmacol 463: 55-65. 
Bredy TW, Sun YE, Kobor MS. 2010. How the epigenome contributes to the development of psychiatric 
disorders. Dev Psychobiol 52: 331-342. 
Brill MS, Ninkovic J, Winpenny E, Hodge RD, Ozen I, Yang R, Lepier A, Gascon S, Erdelyi F, Szabo G et 
al. 2009. Adult generation of glutamatergic olfactory bulb interneurons. Nat Neurosci 12: 
1524-1533. 
Cardozo AJ, Gomez DE, Argibay PF. 2012. Neurogenic differentiation of human adipose-derived stem 
cells: relevance of different signaling molecules, transcription factors, and key marker genes. 
Gene  511: 427-436. 
Carr GV, Chen J, Yang F, Ren M, Yuan P, Tian Q, Bebensee A, Zhang GY, Du J, Glineburg P et al. 2016. 
KCNH2-3.1 expression impairs cognition and alters neuronal function in a model of molecular 
pathology associated with schizophrenia. Mol Psychiatry [Epub: doi:10.1038/mp.2015.219]. 
Carreno FR, Donegan JJ, Boley AM, Shah A, DeGuzman M, Frazer A, Lodge DJ. 2016. Activation of a 
ventral hippocampus-medial prefrontal cortex pathway is both necessary and sufficient for an 
antidepressant response to ketamine. Mol Psychiatry 21: 1298-1308. 
Castren E, Voikar V, Rantamaki T. 2007. Role of neurotrophic factors in depression. Curr Opin 




Cerqueira JJ, Mailliet F, Almeida OF, Jay TM, Sousa N. 2007. The prefrontal cortex as a key target of 
the maladaptive response to stress. J Neurosci 27: 2781-2787. 
Chambers RA. 2013. Adult hippocampal neurogenesis in the pathogenesis of addiction and dual 
diagnosis disorders. Drug Alcohol Depen 130: 1-12. 
Chumley MJ, Catchpole T, Silvany RE, Kernie SG, Henkemeyer M. 2007. EphB receptors regulate 
stem/progenitor cell proliferation, migration, and polarity during hippocampal neurogenesis. J 
Neurosci 27: 13481-13490. 
Clelland CD, Choi M, Romberg C, Clemenson GD, Jr., Fragniere A, Tyers P, Jessberger S, Saksida LM, 
Barker RA, Gage FH et al. 2009. A functional role for adult hippocampal neurogenesis in spatial 
pattern separation. Science 325: 210-213. 
Cryan JF, Mombereau C. 2004. In search of a depressed mouse: utility of models for studying 
depression-related behavior in genetically modified mice. Mol Psychiatry 9: 326-357. 
Curtis MA, Faull RL, Eriksson PS. 2007. The effect of neurodegenerative diseases on the subventricular 
zone. Nat Rev Neurosci 8: 712-723. 
Cyr AR, Kulak MV, Park JM, Bogachek MV, Spanheimer PM, Woodfield GW, White-Baer LS, O'Malley YQ, 
Sugg SL, Olivier AK et al. 2015. TFAP2C governs the luminal epithelial phenotype in mammary 
development and carcinogenesis. Oncogene 34: 436-444. 
D'Agostino J, Vaeth GF, Henning SJ. 1982. Diurnal rhythm of total and free concentrations of serum 
corticosterone in the rat. Acta Endocrinol (Copenh) 100: 85-90. 
Datson NA, Speksnijder N, Mayer JL, Steenbergen PJ, Korobko O, Goeman J, de Kloet ER, Joels M, 
Lucassen PJ. 2012. The transcriptional response to chronic stress and glucocorticoid receptor 
blockade in the hippocampal dentate gyrus. Hippocampus 22: 359-371. 
Deng W, Aimone JB, Gage FH. 2010. New neurons and new memories: how does adult hippocampal 
neurogenesis affect learning and memory? Nat Rev Neurosci 11: 339-350. 
Deng W, Saxe MD, Gallina IS, Gage FH. 2009. Adult-born hippocampal dentate granule cells 
undergoing maturation modulate learning and memory in the brain. J Neurosci 29: 13532-
13542. 
Doetsch F, Caille I, Lim DA, Garcia-Verdugo JM, Alvarez-Buylla A. 1999. Subventricular zone astrocytes 
are neural stem cells in the adult mammalian brain. Cell 97: 703-716. 




Duman RS. 2009. Neuronal damage and protection in the pathophysiology and treatment of psychiatric 
illness: stress and depression. Dialogues Clin Neurosci 11: 239-255. 
Dupret D, Revest JM, Koehl M, Ichas F, De Giorgi F, Costet P, Abrous DN, Piazza PV. 2008. Spatial 
relational memory requires hippocampal adult neurogenesis. PLoS One [Epub: 
doi:10.1371/journal.pone.0001959]. 
Ebert SN, Ficklin MB, Her S, Siddall BJ, Bell RA, Ganguly K, Morita K, Wong DL. 1998. Glucocorticoid-
dependent action of neural crest factor AP-2: stimulation of phenylethanolamine N-
methyltransferase gene expression. J Neurochem 70: 2286-2295. 
Eckert D, Buhl S, Weber S, Jager R, Schorle H. 2005. The AP-2 family of transcription factors. Genome 
Biol 6: 246. 
Egeland M, Zunszain PA, Pariante CM. 2015. Molecular mechanisms in the regulation of adult 
neurogenesis during stress. Nat Rev Neurosci 16: 189-200. 
Eisch AJ, Petrik D. 2012. Depression and hippocampal neurogenesis: a road to remission? Science 
338: 72-75. 
Encinas JM, Vaahtokari A, Enikolopov G. 2006. Fluoxetine targets early progenitor cells in the adult 
brain. Proc Natl Acad Sci U S A 103: 8233-8238. 
Englund C, Fink A, Lau C, Pham D, Daza RA, Bulfone A, Kowalczyk T, Hevner RF. 2005. Pax6, Tbr2, 
and Tbr1 are expressed sequentially by radial glia, intermediate progenitor cells, and 
postmitotic neurons in developing neocortex. J Neurosci 25: 247-251. 
Fanselow MS, Dong HW. 2010. Are the dorsal and ventral hippocampus functionally distinct structures? 
Neuron 65: 7-19. 
Favaro R, Valotta M, Ferri AL, Latorre E, Mariani J, Giachino C, Lancini C, Tosetti V, Ottolenghi S, Taylor 
V et al. 2009. Hippocampal development and neural stem cell maintenance require Sox2-
dependent regulation of Shh. Nat Neurosci 12: 1248-1256. 
Feil S, Valtcheva N, Feil R. 2009. Inducible Cre mice. Methods Mol Biol 530: 343-363. 
Fell J, Axmacher N. 2011. The role of phase synchronization in memory processes. Nat Rev Neurosci 
12: 105-118. 
Femenia T, Gomez-Galan M, Lindskog M, Magara S. 2012. Dysfunctional hippocampal activity affects 
emotion and cognition in mood disorders. Brain Res 1476: 58-70. 
Fowler CD, Liu Y, Ouimet C, Wang Z. 2002. The effects of social environment on adult neurogenesis in 




Gage FH. 2002. Neurogenesis in the adult brain. J Neurosci 22: 612-613. 
Gao Z, Ure K, Ables JL, Lagace DC, Nave KA, Goebbels S, Eisch AJ, Hsieh J. 2009. Neurod1 is 
essential for the survival and maturation of adult-born neurons. Nat Neurosci 12: 1090-1092. 
Goncalves L, Silva R, Pinto-Ribeiro F, Pego JM, Bessa JM, Pertovaara A, Sousa N, Almeida A. 2008. 
Neuropathic pain is associated with depressive behaviour and induces neuroplasticity in the 
amygdala of the rat. Experimental Neurology 213: 48-56. 
Gordon JA. 2011. Oscillations and hippocampal-prefrontal synchrony. Curr Opin Neurobiol 21: 486-
491. 
Gu Y, Arruda-Carvalho M, Wang J, Janoschka SR, Josselyn SA, Frankland PW, Ge S. 2012. Optical 
controlling reveals time-dependent roles for adult-born dentate granule cells. Nat Neurosci 15: 
1700-1706. 
Hahn MA, Qiu R, Wu X, Li AX, Zhang H, Wang J, Jui J, Jin SG, Jiang Y, Pfeifer GP et al. 2013. Dynamics 
of 5-hydroxymethylcytosine and chromatin marks in Mammalian neurogenesis. Cell Rep 3: 
291-300. 
Hasler G. 2010. Pathophysiology of depression: do we have any solid evidence of interest to clinicians? 
World Psychiatry 9: 155-161. 
Hemsley KM, Crocker AD. 2001. Changes in muscle tone are regulated by D1 and D2 dopamine 
receptors in the ventral striatum and D1 receptors in the substantia nigra. 
Neuropsychopharmacology 25: 514-526. 
Heyser CJ. 2001. Assessment of developmental milestones in rodents. Assessment of developmental 
milestones in rodents. Current protocols in neuroscience. [Epub: doi:10.1002/0471142301]. 
Hill, JM Lim, MA, Stone, MM. 2008. Developmental Milestones in the Newborn Mouse. In: Gozes, 
I. Neuropeptide Techniques. USA: Humana Press. 131-149. 
Hill AS, Sahay A, Hen R. 2015. Increasing Adult Hippocampal Neurogenesis is Sufficient to Reduce 
Anxiety and Depression-Like Behaviors. Neuropsychopharmacology 40: 2368-2378. 
Hodge RD, Kowalczyk TD, Wolf SA, Encinas JM, Rippey C, Enikolopov G, Kempermann G, Hevner RF. 
2008. Intermediate progenitors in adult hippocampal neurogenesis: Tbr2 expression and 
coordinate regulation of neuronal output. J Neurosci 28: 3707-3717. 
Hu S, Wan J, Su Y, Song Q, Zeng Y, Nguyen HN, Shin J, Cox E, Rho HS, Woodard C et al. 2013. DNA 




Huang Y, Chavez L, Chang X, Wang X, Pastor WA, Kang J, Zepeda-Martinez JA, Pape UJ, Jacobsen SE, 
Peters B et al. 2014. Distinct roles of the methylcytosine oxidases Tet1 and Tet2 in mouse 
embryonic stem cells. Proc Natl Acad Sci U S A 111: 1361-1366. 
Inta D, Lang UE, Borgwardt S, Meyer-Lindenberg A, Gass P. 2016. Adult neurogenesis in the human 
striatum: possible implications for psychiatric disorders. Mol Psychiatry 21: 446-447. 
Jessberger S, Clark RE, Broadbent NJ, Clemenson GD, Jr., Consiglio A, Lie DC, Squire LR, Gage FH. 
2009. Dentate gyrus-specific knockdown of adult neurogenesis impairs spatial and object 
recognition memory in adult rats. Learn Mem 16: 147-154. 
Kang E, Wen Z, Song H, Christian KM, Ming GL. 2016. Adult Neurogenesis and Psychiatric Disorders. 
Cold Spring Harb Perspect Biol. [Epub: doi:10.1101/cshperspect.a019026]. 
Kempermann, G. 2011. Adult Neurogenesis 2. 2nd ed. Germany: Oxford University Press. 
Kempermann G, Jessberger S, Steiner B, Kronenberg G. 2004. Milestones of neuronal development in 
the adult hippocampus. Trends Neurosci 27: 447-452. 
Kempermann G, Krebs J, Fabel K. 2008. The contribution of failing adult hippocampal neurogenesis to 
psychiatric disorders. Curr Opin Psychiatry 21: 290-295. 
Kheirbek MA, Hen R. 2011. Dorsal vs ventral hippocampal neurogenesis: implications for cognition and 
mood. Neuropsychopharmacology 36: 373-374. 
Kodama M, Fujioka T, Duman RS. 2004. Chronic olanzapine or fluoxetine administration increases cell 
proliferation in hippocampus and prefrontal cortex of adult rat. Biol Psychiatry 56: 570-580. 
Kokoeva MV, Yin HL, Flier JS. 2005. Neurogenesis in the hypothalamus of adult mice: Potential role in 
energy balance. Science 310: 679-683. 
Konieczny J, Przegalinski E, Pokorski M. 2009. N-oleoyl-dopamine decreases muscle rigidity induced by 
reserpine in rats. Int J Immunopathol Pharmacol 22: 21-28. 
Kuckenberg P, Kubaczka C, Schorle H. 2012. The role of transcription factor Tcfap2c/TFAP2C in 
trophectoderm development. Reprod Biomed Online 25: 12-20. 
Kudryashova IV. 2015. Neurodegenerative changes in depression: Excitotoxicity or a deficit of trophic 
factors? Neurochemical Journal 9: 1-7. 
Li E, Bestor TH, Jaenisch R. 1992. Targeted mutation of the DNA methyltransferase gene results in 




Li XK, Barkho BZ, Bao JF, Luo YP, Smrt RD, Santistevan NJ, Liu CM, Kuwabara T, Gage FH, Zhao XY. 
2009. Epigenetic regulation of the stem cell mitogen Fgf-2 by Mbd1 in adult neural 
stem/progenitor cells. J Biol Chem 284: 8995-8995. 
Lim MA, Stack CM, Cuasay K, Stone MM, McFarlane HG, Waschek JA, Hill JM. 2008. Regardless of 
genotype, offspring of VIP-deficient female mice exhibit developmental delays and deficits in 
social behavior. Int J Dev Neurosci 26: 423-434. 
Livak KJ, Schmittgen TD. 2001. Analysis of relative gene expression data using real-time quantitative 
PCR and the 2(-Delta Delta C(T)) Method. Methods 25: 402-408. 
Luzzati F, De Marchis S, Fasolo A, Peretto P. 2006. Neurogenesis in the caudate nucleus of the adult 
rabbit. J Neurosci 26: 609-621. 
Ma DK, Jang MH, Guo JU, Kitabatake Y, Chang ML, Pow-Anpongkul N, Flavell RA, Lu B, Ming GL, Song 
H. 2009. Neuronal activity-induced Gadd45b promotes epigenetic DNA demethylation and 
adult neurogenesis. Science 323: 1074-1077. 
Ma DK, Marchetto MC, Guo JU, Ming GL, Gage FH, Song H. 2010. Epigenetic choreographers of 
neurogenesis in the adult mammalian brain. Nat Neurosci 13: 1338-1344. 
Maconochie M, Krishnamurthy R, Nonchev S, Meier P, Manzanares M, Mitchell PJ, Krumlauf R. 1999. 
Regulation of Hoxa2 in cranial neural crest cells involves members of the AP-2 family. 
Development 126: 1483-1494. 
Maeder ML, Angstman JF, Richardson ME, Linder SJ, Cascio VM, Tsai SQ, Ho QH, Sander JD, Reyon D, 
Bernstein BE et al. 2013. Targeted DNA demethylation and activation of endogenous genes 
using programmable TALE-TET1 fusion proteins. Nat Biotechnol 31: 1137-1142. 
Maekawa M, Takashima N, Arai Y, Nomura T, Inokuchi K, Yuasa S, Osumi N. 2005. Pax6 is required 
for production and maintenance of progenitor cells in postnatal hippocampal neurogenesis. 
Genes Cells 10: 1001-1014. 
Marsden WN. 2013. Synaptic plasticity in depression: molecular, cellular and functional correlates. 
Prog Neuropsychopharmacol Biol Psychiatry 43: 168-184. 
Martinowich K, Manji H, Lu B. 2007. New insights into BDNF function in depression and anxiety. Nat 
Neurosci 10: 1089-1093. 
Martins-Taylor K, Schroeder DI, LaSalle JM, Lalande M, Xu RH. 2012. Role of DNMT3B in the 




Mateus-Pinheiro A, Alves ND, Patrício P, Machado-Santos AR, Loureiro-Campos E, Silva J, Sardinha VM, 
Reis J, Schorle H, Oliveira JF, et al. 2016. AP2γ modulates glutamatergic neurogenesis and 
cognition. Mol Psychiatry. [In press]. 
Mateus-Pinheiro A, Patricio P, Bessa JM, Sousa N, Pinto L. 2013. Cell genesis and dendritic plasticity: a 
neuroplastic pas de deux in the onset and remission from depression. Mol Psychiatry 18: 748-
750. 
Mateus-Pinheiro A, Pinto L, Sousa N. 2011. Epigenetic (de)regulation of adult hippocampal 
neurogenesis: implications for depression. Clin Epigenetics. [Epub: doi:10.1186/1868-7083-3-
5]. 
Mathews A, MacLeod C. 2005. Cognitive vulnerability to emotional disorders. Annu Rev Clin Psychol 1: 
167-195. 
Miller CA, Campbell SL, Sweatt JD. 2008. DNA methylation and histone acetylation work in concert to 
regulate memory formation and synaptic plasticity. Neurobiol Learn Mem 89: 599-603. 
Miller CA, Sweatt JD. 2007. Covalent modification of DNA regulates memory formation. Neuron 53: 
857-869. 
Montalban-Loro R, Domingo-Muelas A, Bizy A, Ferron SR. 2015. Epigenetic regulation of stemness 
maintenance in the neurogenic niches. World J Stem Cells 7: 700-710. 
Moreno MM, Linster C, Escanilla O, Sacquet J, Didier A, Mandairon N. 2009. Olfactory perceptual 
learning requires adult neurogenesis. Proc Natl Acad Sci U S A 106: 17980-17985. 
Mori T, Tanaka K, Buffo A, Wurst W, Kuhn R, Gotz M. 2006. Inducible gene deletion in astroglia and 
radial glia--a valuable tool for functional and lineage analysis. Glia 54: 21-34. 
Morris R. 1984. Developments of a water-maze procedure for studying spatial learning in the rat. J 
Neurosci Methods 11: 47-60. 
Moser M, Pscherer A, Roth C, Becker J, Mucher G, Zerres K, Dixkens C, Weis J, Guay-Woodford L, 
Buettner R et al. 1997. Enhanced apoptotic cell death of renal epithelial cells in mice lacking 
transcription factor AP-2beta. Genes Dev 11: 1938-1948. 
Nakagawa S, Kim JE, Lee R, Chen J, Fujioka T, Malberg J, Tsuji S, Duman RS. 2002. Localization of 
phosphorylated cAMP response element-binding protein in immature neurons of adult 
hippocampus. J Neurosci 22: 9868-9876. 





Nicola Z, Fabel K, Kempermann G. 2015. Development of the adult neurogenic niche in the 
hippocampus of mice. Front Neuroanat. [Epub: doi:10.3389/fnana.2015.00053]. 
Ninkovic J, Gotz M. 2007. Signaling in adult neurogenesis: from stem cell niche to neuronal networks. 
Curr Opin Neurobiol 17: 338-344. 
Nollet M, Le Guisquet AM, Belzung C. 2013. Models of depression: unpredictable chronic mild stress in 
mice. Curr Protoc Pharmacol. [Epub: doi: 10.1002/0471141755.ph0565s61]. 
Ohira K, Furuta T, Hioki H, Nakamura KC, Kuramoto E, Tanaka Y, Funatsu N, Shimizu K, Oishi T, 
Hayashi M et al. 2010. Ischemia-induced neurogenesis of neocortical layer 1 progenitor cells. 
Nat Neurosci 13: 173-179. 
Okano M, Bell DW, Haber DA, Li E. 1999. DNA methyltransferases Dnmt3a and Dnmt3b are essential 
for de novo methylation and mammalian development. Cell 99: 247-257. 
Ottenweller JE, Servatius RJ, Natelson BH. 1994. Repeated stress persistently elevates morning, but 
not evening, plasma corticosterone levels in male rats. Physiol Behav 55: 337-340. 
Oulad-Abdelghani M, Bouillet P, Chazaud C, Dolle P, Chambon P. 1996. AP-2.2: a novel AP-2-related 
transcription factor induced by retinoic acid during differentiation of P19 embryonal carcinoma 
cells. Exp Cell Res 225: 338-347. 
Patricio P, Mateus-Pinheiro A, Irmler M, Alves ND, Machado-Santos AR, Morais M, Correia JS, 
Korostynski M, Piechota M, Stoffel R et al. 2015. Differential and converging molecular 
mechanisms of antidepressants' action in the hippocampal dentate gyrus. 
Neuropsychopharmacology 40: 338-349. 
Patricio P, Mateus-Pinheiro A, Sousa N, Pinto L. 2013. Re-cycling paradigms: cell cycle regulation in 
adult hippocampal neurogenesis and implications for depression. Mol Neurobiol 48: 84-96. 
Pinto, L. 2008. Molecular mechanisms regulating neurogenesis in the developing mouse cerebral 
cortex. PhD Thesis. Faculty of Biology Ludwig-Maximilian - University Munich.  
Pinto L, Drechsel D, Schmid MT, Ninkovic J, Irmler M, Brill MS, Restani L, Gianfranceschi L, Cerri C, 
Weber SN et al. 2009. AP2gamma regulates basal progenitor fate in a region- and layer-specific 
manner in the developing cortex. Nat Neurosci 12: 1229-1237. 
Pittenger C, Duman RS. 2008. Stress, depression, and neuroplasticity: a convergence of mechanisms. 
Neuropsychopharmacology 33: 88-109. 
Porsolt RD, Bertin A, Jalfre M. 1977. Behavioral despair in mice: a primary screening test for 




Poulter MO, Du L, Weaver IC, Palkovits M, Faludi G, Merali Z, Szyf M, Anisman H. 2008. GABAA 
receptor promoter hypermethylation in suicide brain: implications for the involvement of 
epigenetic processes. Biol Psychiatry 64: 645-652. 
Prut L, Belzung C. 2003. The open field as a paradigm to measure the effects of drugs on anxiety-like 
behaviors: a review. Eur J Pharmacol 463: 3-33. 
Rai K, Huggins IJ, James SR, Karpf AR, Jones DA, Cairns BR. 2008. DNA demethylation in zebrafish 
involves the coupling of a deaminase, a glycosylase, and gadd45. Cell 135: 1201-1212. 
Retana-Marquez S, Bonilla-Jaime H, Vazquez-Palacios G, Dominguez-Salazar E, Martinez-Garcia R, 
Velazquez-Moctezuma J. 2003. Body weight gain and diurnal differences of corticosterone 
changes in response to acute and chronic stress in rats. Psychoneuroendocrinology 28: 207-
227. 
Revest JM, Dupret D, Koehl M, Funk-Reiter C, Grosjean N, Piazza PV, Abrous DN. 2009. Adult 
hippocampal neurogenesis is involved in anxiety-related behaviors. Mol Psychiatry 14: 959-
967. 
Roybon L, Hjalt T, Stott S, Guillemot F, Li JY, Brundin P. 2009. Neurogenin2 directs granule neuroblast 
production and amplification while NeuroD1 specifies neuronal fate during hippocampal 
neurogenesis. PLoS One. [Epub: doi: 10.1371/journal.pone.0004779]. 
Santiago M, Antunes C, Guedes M, Sousa N, Marques CJ. 2014. TET enzymes and DNA 
hydroxymethylation in neural development and function - how critical are they? Genomics 104: 
334-340. 
Satyanarayana A, Kaldis P. 2009. Mammalian cell-cycle regulation: several Cdks, numerous cyclins and 
diverse compensatory mechanisms. Oncogene 28: 2925-2939. 
Schoenfeld TJ, Cameron HA. 2015. Adult neurogenesis and mental illness. Neuropsychopharmacology 
40: 113-128. 
Schoenfeld TJ, Gould E. 2012. Stress, stress hormones, and adult neurogenesis. Exp Neurol 233: 12-
21. 
Schorle H, Meier P, Buchert M, Jaenisch R, Mitchell PJ. 1996. Transcription factor AP-2 essential for 
cranial closure and craniofacial development. Nature 381: 235-238. 
Serafini G. 2012. Neuroplasticity and major depression, the role of modern antidepressant drugs. World 




Shen L, Nam HS, Song P, Moore H, Anderson SA. 2006. FoxG1 haploinsufficiency results in impaired 
neurogenesis in the postnatal hippocampus and contextual memory deficits. Hippocampus 16: 
875-890. 
Sibille E, Wang Y, Joeyen-Waldorf J, Gaiteri C, Surget A, Oh S, Belzung C, Tseng GC, Lewis DA. 2009. A 
molecular signature of depression in the amygdala. Am J Psychiatry 166: 1011-1024. 
Silva R, Lu J, Wu Y, Martins L, Almeida OF, Sousa N. 2006. Mapping cellular gains and losses in the 
postnatal dentate gyrus: implications for psychiatric disorders. Exp Neurol 200: 321-331. 
Slavich GM, Irwin MR. 2014. From stress to inflammation and major depressive disorder: a social 
signal transduction theory of depression. Psychol Bull 140: 774-815. 
Smrt RD, Eaves-Egenes J, Barkho BZ, Santistevan NJ, Zhao C, Aimone JB, Gage FH, Zhao X. 2007. 
Mecp2 deficiency leads to delayed maturation and altered gene expression in hippocampal 
neurons. Neurobiol Dis 27: 77-89. 
Sousa N, Almeida OF, Holsboer F, Paula-Barbosa MM, Madeira MD. 1998. Maintenance of 
hippocampal cell numbers in young and aged rats submitted to chronic unpredictable stress. 
Comparison with the effects of corticosterone treatment. Stress 2: 237-249. 
Tahiliani M, Koh KP, Shen Y, Pastor WA, Bandukwala H, Brudno Y, Agarwal S, Iyer LM, Liu DR, Aravind 
L et al. 2009. Conversion of 5-methylcytosine to 5-hydroxymethylcytosine in mammalian DNA 
by MLL partner TET1. Science 324: 930-935. 
Taupin P. 2007. BrdU immunohistochemistry for studying adult neurogenesis: paradigms, pitfalls, 
limitations, and validation. Brain Res Rev 53: 198-214. 
Tecott LH, Wehner JM. 2001. Mouse molecular genetic technologies: promise for psychiatric research. 
Arch Gen Psychiatry 58: 995-1004. 
Tsankova NM, Berton O, Renthal W, Kumar A, Neve RL, Nestler EJ. 2006. Sustained hippocampal 
chromatin regulation in a mouse model of depression and antidepressant action. Nat Neurosci 
9: 519-525. 
Uchida S, Hara K, Kobayashi A, Funato H, Hobara T, Otsuki K, Yamagata H, McEwen BS, Watanabe Y. 
2010. Early life stress enhances behavioral vulnerability to stress through the activation of 
REST4-mediated gene transcription in the medial prefrontal cortex of rodents. J Neurosci 30: 
15007-15018. 
Urban N, Guillemot F. 2014. Neurogenesis in the embryonic and adult brain: same regulators, different 




Ventura-Silva AP, Melo A, Ferreira AC, Carvalho MM, Campos FL, Sousa N, Pego JM. 2013. Excitotoxic 
lesions in the central nucleus of the amygdala attenuate stress-induced anxiety behavior. Front 
Behav Neurosci. [Epub: doi:10.3389/fnbeh.2013.00032]. 
Wainwright SR, Galea LA. 2013. The neural plasticity theory of depression: assessing the roles of adult 
neurogenesis and PSA-NCAM within the hippocampus. Neural Plast. [Epub: 
doi:10.1155/2013/805497]. 
Walf AA, Frye CA. 2007. The use of the elevated plus maze as an assay of anxiety-related behavior in 
rodents. Nat Protoc 2: 322-328. 
Werling U, Schorle H. 2002. Transcription Factor Gene AP-2  Essential for Early Murine Development. 
Molecular and Cellular Biology 22: 3149-3156. 
Willner P, Scheel-Kruger J, Belzung C. 2013. The neurobiology of depression and antidepressant action. 
Neurosci Biobehav Rev 37: 2331-2371. 
Wu MV, Hen R. 2014. Functional dissociation of adult-born neurons along the dorsoventral axis of the 
dentate gyrus. Hippocampus 24: 751-761. 
WuiMan B, ChiaDi J, So KF. 2013. Neurogenic hypothesis and psychiatric disorders. Chinese Sci Bull 
58: 3188-3198. 
Yalcin I, Belzung C, Surget A. 2008. Mouse strain differences in the unpredictable chronic mild stress: 
a four-antidepressant survey. Behav Brain Res 193: 140-143. 
Yao B, Christian KM, He C, Jin P, Ming GL, Song H. 2016. Epigenetic mechanisms in neurogenesis. 
Nat Rev Neurosci. [Epub: doi:10.1038/nrn.2016.70]. 
Yu IT, Park JY, Kim SH, Lee JS, Kim YS, Son H. 2009. Valproic acid promotes neuronal differentiation 
by induction of proneural factors in association with H4 acetylation. Neuropharmacology 56: 
473-480. 
Zhao C, Teng EM, Summers RG, Jr., Ming GL, Gage FH. 2006. Distinct morphological stages of dentate 
granule neuron maturation in the adult mouse hippocampus. J Neurosci 26: 3-11. 
Zhao CM, Deng W, Gage FH. 2008. Mechanisms and functional implications of adult neurogenesis. Cell 
132: 645-660. 
Zhao X, Greener T, Al-Hasani H, Cushman SW, Eisenberg E, Greene LE. 2001. Expression of auxilin or 
AP180 inhibits endocytosis by mislocalizing clathrin: evidence for formation of nascent pits 




Zhao XY, Ueba T, Christie BR, Barkho B, McConnell MJ, Nakashima K, Lein ES, Eadie BD, Willhoite AR, 
Muotri AR et al. 2003. Mice lacking methyl-CpG binding protein 1 have deficits in adult 



























































Supplementary figure 1:  Percentage of weight gain in the AP2γ constitutive KO animal model throughout 
the 6 weeks of uCMS protocol, divided by individual groups. 
 During the uCMS protocol, we controlled the body weight in order to understand if the chronic stress exposure was inducing 
alterations in the animals exposed to it. It was observable that the uCMS was indeed inducing highly different directions 
regarding the percentage weight gain/loss, since the the control groups were gaining and maintaining the weight gain, and 
the uCMS exposed groups lost and maintained the weight loss. However, no differences were found between WT and AP2γ+/- 
groups, proving that there are no differences between the genotypes concerning to eating patterns. (Controls: nWT= 8, nAP2γ+/-= 
7 ; uCMS: nWT= 8, nAP2γ+/-=7; Data presented as mean ± SEM; ****p<0.0001). 
 
Supplementary table 1: Percentage of weight gain in the AP2γ constitutive KO animal model throughout the 6 weeks of 
uCMS protocol, divided by individual groups. Data presented as mean ± SEM. In grey shading are the tests were it was observable 






Control uCMS Statistical test, 
significance, effect size WT AP2γ+/- WT AP2γ+/- 
Weight 
Week 1 -1.06 ± 0.44 -3.02 ± 0.76 -7.48 ± 0.52 -7.83 ± 0.49 
F(1,24)=1.75, p< 0.0001, 
η2partial= 0.55 
Week 2 2.28 ± 1.39 0.53 ± 0.79 -3.63 ± 1.05 -5.60 ±1.08 
Week 3 7.28 ± 1.86 5.99 ± 1.83 -2.22 ± 2.36 -2.59 ± 1.31 
Week 4 6.54 ± 1.65 3.48 ± 1.57 -3.05 ± 2.52 -4.19 ± 1.51 
Week 5 10.70 ± 1.49 10.13 ± 2.15 2.20 ± 2.70 0.22 ± 1.26 
Week 6 10.88 ± 1.82 10.09 ± 2.02 -1.42 ± 2.49 -3.41 ± 1.6 







































Supplementary figure 2:  Percentage of weight gain/loss in the AP2γ conditional KO animal model 
throughout the 6 weeks of uCMS protocol, divided by individual groups. During the uCMS protocol, we controlled 
the body weight in order to understand if the chronic stress exposure was inducing alterations in the animals exposed to it. It 
was observable that the uCMS was indeed inducing highly different directions regarding the percentage weight gain/loss, 
since the the control groups were gaining and maintaining the weight gain, and the uCMS exposed groups lost and 
maintained the weight loss. However, no differences were found between cAP2γ+/+ and        cAP2γ-/-  groups, proving that 
there are no differences between the genotypes concerning to eating patterns. (Controls: n cAP2γ+/+= 12, ncAP2γ-/-=5; uCMS: n 
cAP2γ
+/+=12, nAP2γ-/-=8; Data presented as mean ± SEM; ****p<0.0001]. 
 
Supplementary table 2: Percentage of weight gain in the AP2γ conditional KO animal model throughout the 6 weeks of 
uCMS protocol, divided by individual groups. Data presented as mean ± SEM. In grey shading are the tests were it was observable 






Control uCMS Statistical test, 
significance, effect size cAP2γ+/+ cAP2γ-/- cAP2γ+/+ cAP2γ-/- 
Weight 
Week 1 -0.62 ± 0.62 2.63 ± 1.82 -4.22 ± 0.60 -4.00 ± 1.53 
F(1,36)=3.16, p< 0.0001, 
η2partial= 0.64 
Week 2 2.41 ± 0.81 4.40 ± 2.23 -1.62 ± 0.60 -4.18 ± 1.31 
Week 3 3.01 ± 2.00 6.88 ± 2.87 -3.63 ± 1.31 -5.24 ± 0.97 
Week 4 8.23 ± 1.13 10.27 ± 3.81 -1.54 ± 1.28 -2.02 ± 1.12 
Week 5 8.14 ± 1.10 7.70 ± 3.17 -3.38 ± 1.35 -4.13 ± 1.04 
Week 6 8.89 ± 1.13 5.07 ± 3.64 -0.71 ± 1.31 -0.21 ± 1.25 
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